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ABSTRACT
A site-specific study is carried out to assess the suitability of froth flotation for 
desulphurization of reactive mine tailings with an Outokumpu flotation unit, type OK0.05 
at the Musselwhite Gold Mine, Northern Ontario, Canada, to prevent acid mine drainage 
(AMD). Based on the data presented in this study, the maximum recovery of total sulphur 
was achieved when the operational parameters were set to the froth depth of 5 cm, air 
flow rate 125 L/min, impeller speed 1300 rpm and pulp density 35%. Another objective 
of this research is to develop a robust, rapid and easy digestion procedure for analysis of 
total sulphur in mine tailings using Inductive Coupled Plasma. It is found that the aqua 
regia (1 ml HNO3 + 3 ml HC1) digestion of 0.1 gm of samples for only 40 minutes of 
heating at 95°C produced fast, safe and accurate analytical results with a recovery of 97% 
for the selected reference materials.
Key Words: Acid mine drainage, Sulphur, Inductive Coupled Plasma, Mine tailings, Acid 
mine drainage, Desulphurization, Froth flotation.
111
CO-AUTHORSHIP
This thesis was written in accordance with the guidelines and regulations for a manuscript 
format stipulated by the Faculty o f Graduate Studies at the University o f Western Ontario. 
The candidate developed all analytical modelling; and paper preparation under a close 
guidance and supervision o f Dr. J.Q. Shang. The following sections of the thesis have 
been co-authored as indicated.
Chapter 3: Optimization of digestion parameters for Analyzing the Total Sulphur of 
Mine Tailings by Inductive Coupled Plasma Optical Emission Spectrometry
A version of this chapter has been submitted to the Environmental Monitoring and 
Assessment Journal in December 2010. The contributions of the co-authors are:
Alam, R.: carried out a part of the experiments, interpreted the laboratory results, 
conducted the modelling, and wrote the draft and final version of the paper.
\
Shang, J. Q.: assisted in data interpretation, and made major revision of the paper.
Cheng, X. C.: carried out the major part o f the experiments.
Chapter 4: Effect of operating parameters on desulphurization o f mine tailings by froth 
flotation
A version of this chapter has been submitted to the Environmental Management Journal 
in January 2011. The contributions of the co-authors are:
IV
Alam, R.: analysed and interpreted the results of the pilot study, conducted the modelling, 
and wrote the draft and final version of the paper
Shang, J. Q.: contributed advice on modelling and made major revision of the paper.
Chen, X.: carried out the pilot study in the field.
I would like to thank my supervisor, Dr. Julie Q. Shang, for her guidance, encouragement, 
enthusiasm and motivation throughout my MESc. Working in her group offered me the 
opportunity to spend two stimulating years working on an attractive area of research.
This research was made possible by the financial support of Goldcorp Canada Ltd. and 
Golder Associates Ltd.
I would also like to thank Xinwei Chen and Cheng Xiangrong for their help. I would like 
to extend my gratitude to the Faculty and Staff of the Civil and Environmental 
Engineering Department, The University o f Western Ontario for their-help and assistance. 
I am grateful to Tim Stephens for his assistance and co-operation during the laboratory 
tests. I am also grateful to Dr. Shahidul Islam, Mr. Michael Jolie and Mr. Muhammad 
Alamgir Toimoor for their help throughout writing my thesis.
I am especially grateful to my family for supporting and encouraging me during my
\




TABLE O F CONTENTS
CERTIFICATE OF EXAMINATION......................................  ....................................  ii
A BSTRA CT.......................................................................................................................  iii
CO-AUTHORSHIP...........................................................................................................  iv
ACKNOWLEDGEMENTS........................ ........................................................................ vi
TABLE OF CONTENTS............. . . .................................................................................  vii
LIST OF TABLES...................................... ........................................................................ xi
LIST OF F IG U R E S.......................................................................................................  xii
LIST OF SYMBOLS............. ................................................................. ...........................  xiv
C H A P T E R 1..;....  .......... ......... ............................................................ 1
INTRODUCTION. . ................................................ .................................. 1
1.1 Background..........................................................................................................  1
1.2 Research Objectives........................   3
x
1.3 Thesis Outline and Scope..................................................................................... 4
1.4 Original Contribution..........................................................................................  5
1.5 References.......................................    6
CHAPTER 2     ................................................7
*
LITERATURE REVIEW . . . .   . . . . . . ............................................ ................ 7
2.1 Mining and Acid Mine Drainage........................................................................  7
2.2 Acid Mine Drainage Control Options...............................................................  9
VII
2.3 . An Overview of the Flotation principles............................................................  12
2.3.1 Flotation chemistry.............................................................................................  13
2.3.1.1 Collectors...............................................................................................................  13
2.3.1.2 Modifiers...................................     14
2.3.1.3 Frothers................................................................................................................  15
2.3.2 Importance of hydrodynamic parameters..........................................................  16
2.3.3 Influence of operational variables......................................................................  19
2.3.4 Kinetics models of batch flotation..........................................    20
2.3.5 Flotation machine Scale up................................................................................. 22
2.4 Total sulphur analysis techniques for soils.......................................................  23
2.5 ICP Optical Emission Spectrometry....................................................................  26
2.6 Sampling and preparation of samples................................................................. 27
2.7 Errors in chemical analysis..................................................    28
2.8 Gold Mining............................................................................................................  29
2.9 Summary................................................................................................................. 30
\
2.10 References.............................................................................................................  31
CHAPTER3. . .. . . . ....... ................................................... ............... 40
OPTIMIZATION OF DIGESTION PARAMETERS FOR ANALYZING THE
TOTAL SULPHUR OF MINE TAILINGS BY INDUCTIVE COUPLED
*
PLASMA OPTICAL EMISSION SPECTROMETRY........................  .......  ... ... 40
3.1 Introduction.......... .......................     40
3.2 Materials and Methods..........................................    44
if
viii
3.2.1 Samples.................................................................................................................  44
3.2.2 R e ag en ts .............;...........................................................................................  45
3.2.3 Apparatus.............................................................................................................  45
3.2.4 Digestion procedures...........................................................................................  45
3.3 Results and Discussions........................................................................................ 46
3.3.1 Certified Reference Materials............................................................................  49
3.3.1.1 Effects of acids............!...................................................................................... 50
3.3.1.2 Effectoftim e............. ........................................   51
3.3.1.3 Effect o f refluxing device....................................................................................  52
3.3.1.4 Validation of the method......................................................................................  52
3.3.2 Tailings samples............................................................    54
3.3.3 Proposed digestion method.................................................................................  55
3.3.4 Application.............................................................................................................  56
3.4 Summary....... „ . . . . ;    56
3.5 References..........................................................................................................   58
\
CHAPTER4 ....... ............................................................................  80
EFFECT OF OPERATING PARAMETERS ON DESULPHURIZATION OF 
MINE TAILINGS BY FROTH FLOTATION................................ ...........................  80
4.1 Introduction.............................................................................................................  80■ 4
4.2 Experimental......................................................................................... -................. 84
4.2.1 Tailings from the Musselwhite Mine.................................................................... 84
4.2.2 Reagents................................................................................................................... 85
IX
4.2.3 Flotation.............................................. ........... ..........................................................  85
4.3 Results and Discussions....................... ................................... ..............................  86
4.3.1 Flotation Kinetics............................... ................... ...................................... ..;... 86
4.3.2 Effect o f Froth Depth.............................................. ......................................... .......  88
4.3.3 Effect o f Air Flow R a te .. . . . . . . . . ................................................................................ 89
4.3.4 Effects o f Pulp D e n s ity . . . . . . . . . . . . . . . . . . . . . . . . . ...................... ..................................... 90
4.3.5 . Effect o f Impeller Speed............................................................................................. 91
4.3.6 Key Operation parameters for desulphurization o f MT.....................................  92
4.3.7 Kinetics Flotation Modeling.................................................................................  93
4.4 Summary.................................................................................................................. 94
4.5 References......................... ............ ........................................................................  95
CHAPTER 5 ................................................................................................   121
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS..........................  121
5.1 Sum m ary...................................................   121
\
5.2 Conclusions.............................................   121
5.3 Recommendations for Further Study..................................................................  123
APPENDIX...........................................................................................................................  124
CURRICULUM VITAE....................................................................................................  125
X
Table 3.1 Operational conditions for ICP-OES a n a ly s is . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ......  61
Table 3.2 Summary o f testing conditions used in the digestion procedures and results.. 62
Table 3.3 ANOVA results— model validation for K Z K -1........ . 63
Table 3.4 ANOVAresults—model validation for R T S-2........ .............   64
Table 3.5 ANOVA results—model validation for Tailings sam ple.................................. 65
Table 3.6 Estimates o f influencing factors............................................................................  66
Table 3.7 Analytical results o f total sulphur (%) during desulphurization o f 67
Musselwhite mine tailings in the laboratory..................................................... ,
Table 4.1 Properties o f Musselwhite Mine ta iling ............................................................. 99
Table.4.2 Experimental Conditions....................................................... . . . ^ ~ . ........ . 101
Table 4.3 Flotation rate constant.............................................................................................. 102


















L IST  OF FIG URES
Contact angle between air bubble and solid surface immersed in liquid 
(after Della Bona, et al, 2004)............................................................................  37
Variation o f mean bubble size with air flow rate and impeller speed (Gorain 
et al, 1995a).;..L ................................ .....................38
A typical relationship between recovery and grade, for a pilot plant (PP) 
and full-scale plant (FSP) (Van der Linde,1980).............................................  39
Normal probability plot for reference materials (a) KZK-1 and (b )RTS-2.. 68
Residual vs fitted plot for reference materials (a) KZK-1 and (b) RTS-2....  69
Normal probability plot for tailings sam ple....................................................  70
Residual vs fitted plot for tailings sam ple........................................................ 70
Illustration o f influencing factors effects (volume o f HC1 and time) on the 
estimated marginal means o f Sulphur (%) for KZK-1 at HNO3 = 1 ml...;... 71
Illustration of influencing factors effects (volume of HC1 and time) on the 
estimated marginal means o f Sulphur (%) for KZK-1 at HNO3 = 2 ml......  72
Illustration of effect o f reflux devices on the estimated marginal means of 
Sulphur (%) for KZK-1 .......................... ............................................... 73
Illustration of influencing factors effects (volume of HC1 and time) on the 
estimated marginal means of Sulphur (%) for RTS-2 at HNO3 = 1 m l.......  74
Illustration of influencing factors effects (volume o f HC1 and time) on the 
estimated marginal means of Sulphur (%) for RTS-2 at HNO3 = 2 m l........  75
Illustration o f effect o f reflux devices on the estimated marginal means of 
Sulphur (%) for RTS-2............................................... ................ ......... ......... 76
Accuracy based on KZK-1 (Solid lines, at 3% and 7%, are for reference).... 77
Accuracy based on RTS-2 (Solid lines, at 3% and 7%, are for reference)  78
Illustration of influencing factors effects (volume of HC1 and time) on the 
estimated marginal means o f Sulphur (%) for tailing samples at HNO3 = 1
ml 79
Tailings pond at Mussel white mine 103
xii
Figure 4.3 Schematic o f the Pilot S tudy........................................................................  104
Figure 4.4 Determination o f First order rate constant, ki (slope of the straight line).....  105
Figure 4.5 Determination o f Second order rate constant, k2 (slope of the straight line).. 106
Figure 4.6 Effect o f froth depth on Recovery of sulphur (%)...........    107
Figure 4.7 Effect o f froth depth on the Grade of Sulphur (%).............................................  108
Figure 4.8 Effect o f froth depth on the second order flotation ra te ...................................  109
Figure 4.9 Effect o f airflow rate on Recovery of sulphur (%).........   110
Figure 4.10 Effect o f airflow rate on the Grade of Sulphur (%)............................................  I l l
Figure 4.11 Effect o f air flow rate on the second order flotation rate..................................  112
Figure 4.12 Effect o f pulp density on Recovery of sulphur (%)...........................................  113
Figure 4.13 Effect o f pulp density on the Grade o f Sulphur (%).....................     114
Figure 4.14 Effect o f Pulp density on the second order flotation rate.................................  115
Figure 4.15 Effect o f Impeller Speed on Recovery o f sulphur (%)...............................  116
Figure 4.16 Effect o f Impeller Speed on the second order flotation rate.............................. 117
Figure 4.17 Concentration o f Sulphur (%) in final tailings after 12 minutes o f flotation.. 118
Figure 4.18 Combined effect o f Air flow rate and Froth depth on the second order
flotation ra te ....... ......................... .......................... ........................................ . 119
Figure 4.19 Validity of the Model Equation (Eq. 4.11)..................................................  120
Figure A -l Grain Size Distribution of Musselwhite Mine ta ilin g s ................................  124
■ ; •• ■ *
























L IST  OF SYM BOLS
Meaning (units)
Partition coefficient
Constant related"to the flotation activity o f the ore (min'1)
Sulphur mass (g) in the flotation cell at time t (min)
Initial mass (g) o f sulphur in the flotation tank 
Outer diameter o f impeller (inches)
Sauter mean bubble diameter (cm)
Bubble diameter (cm)
Residual (%) o f the ANOVA model ...__
Analogous cross section for the nth layer (m ) *
Cross section o f the flotation machine normal to the direction of pulp 
movement (m )
Superficial gas velocity (cm/s)
First order rate coefficient (1/min)
Second order rate coefficient (1/g-min)
Amount o f floatable mineral entering the chamber (g)
Amount o f non floatable mineral entering the chamber (g)
Rotational speed in (RPM)
The recovery o f sulphur particles in the froth product at time (%) 
Peripheral speed (ft/sec) *
Bubble surface area flux (s'1)
Certified value o f total sulphur in reference materials (%)
Volume o f pulp in the chamber (L)
xiv
x Fraction o f minerals to the concentrate in a time t
ytj Total sulphur (%) o f the experiments
yij Fitted value o f total sulphur (%) by ANOVA model
a  Effect o f HN03(%) in the ANOVA model
p Effect o f HC1(%) in the ANOVA model
y Effect o f Time (%) in the ANOVA model
yiv Surface energy o f the liquid/vapor interface (J/m2)
Ysi Surface energy o f the solid/liquid interface (J/m2)
ysv Surface energy o f the solid/vapor interface (J/m )
8 Effect o f refluxing device (%) in the ANOVA model ... 
0 Contact angle (degrees)
Pi Measured value o f total sulphur in reference materials (%)








Mine tailings are the solids that are left over after ores have been extracted from mineral 
rocks. Acid Mine Drainage (AMD) is produced when sulphide-bearing mine tailings is 
exposed to oxygen and water and accelerated by naturally-occurring bacteria that assist 
in the breakdown of sulphide minerals (Akcil and Koldas, 2006). AMD is characterized 
by low pH and high concentrations o f heavy metals and other toxic elements that can 
severely pollute surface and ground-water, as well as soils (Peppas et al 2000). 
Therefore, mine planners and managers must identify techniques that will minimize 
AMD impacts on life forms and their environment (Morrissey, 2003). To manage the 
generation o f AMD from mine tailings, the factors that should be controlled are as 
follows: sulphur content o f tailings (Benzaazoua et al, 2000), presence of water (Lewis
and Gallinger, 1999) and exposure to oxygen (Fraser and Robertson, 1994; Tremblay,
\
1994), and the relative abundance o f bacteria (Leduc et al., 2002).
This research is initialized to assess the feasibility o f froth flotation for sulphur removal 
from tailings in the prevention and control o f AMD generation in Musselwhite mine 
tailings. Froth flotation is a process where an adequate amount of sulphides from reactive 
mine tailings is separated to produce low sulphur fraction tailings (non-acid, generating). 
Previous research has shown that froth flotation can mitigate AMD generation (Humber, 
1995; Stuparyk et al., 1995; Benzaazoua et al., 2000).
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Musselwhite underground gold mine, located 500 km north o f Thunder Bay, in North­
western Ontario, Canada, produces 4000 tonnes of tailings per day and discharges into 
the tailings pond (impounded behind a tailings dam). It has been projected that 37 
million tonnes o f tailings will be generated by the time of mine closing in 2026 (Wang, 
2009). However, the quantity o f tailings that can be deposited in the tailings pond under a 
water cover is only 17 Mt (Wang, 2009). With the froth flotation approach, it is possible 
to substantially reduce sulphur content o f the tailings (Bois et al, 2004).
During froth flotation o f mine tailings, a large quantity of samples must be handled and 
analyzed for total sulphur content with accuracy and precision. The second objective of 
this research is to develop a simple digestion procedure for mine tailings for total sulphur 
analysis using Inductive Coupled Plasma (ICP). ICP has been a useful technique for the 
trace element analysis o f soil for its high detection power and low sample consumption 
(Falcina, 2000). Moreover, ICP has three advantages: simplicity, speed and convenience. 
ICP analysis provides a versatile way o f larger quantification o f sulphur and more 
importantly, the effect o f matrix, dilution and acidification are almost negligible (David 
et al, 2007). ICP has been successfully used to analyze total sulphur for biological and 
soil matrix (Pritchard and Lee, 1984) as well as for natural water (Miles and Cook, 
1982). During froth flotation, highly concentrated sulphur has to be analysed. Therefore 
ICP may be a great option for the determination of the total sulphur of mine tailings.
3
1.2 Research Objectives
The objective o f this research is to study the feasibility of froth flotation in Musselwhite 
mine tailings management to control AMD. The specific goals o f the study include:
I. To review the AMD at mine sites and different treatment methods to control AMD; the 
potentiality of froth flotation as an alternative technique for management o f reactive mine 
tailings to mitigate AMD and the prospect o f the ICP technique for analysis of total 
sulphur o f mine tailings.
II. To optimize the operating conditions (acid mixture, reagent volume^processing time 
and refluxing device) for digestion o f reactive tailings to analyze total sulphur content 
using ICP and to validate the method in order to facilitate the implementation of the 
proposed method for routine analysis o f sulphur in the mining industry.
III. To study the feasibility o f froth flotation performance from a pilot plant on the 
Musselwhite mine site for desulphurization o f tailings for prevention o f AMD and to 
study how the flotation performance relates to changes in operating variables (froth 
depth, air flow rate, impeller speed and pulp density).
4
1.3 Thesis Outline and Scope
The thesis consists of five chapters, the contents o f which are as follows:
Chapter 1 introduces the subject matter of the thesis, clarifies the objectives and goals of 
the research, and outlines the original contributions o f the study.
Chapter 2 provides a comprehensive literature review on acid generation and available 
management options of reactive mine tailings; the fundamentals o f froth flotation and its 
effectiveness compared to other approaches that have been evaluated to prevent or 
minimise the generation o f AMD; principles o f ICP techniques and its comparison with 
other available methods for sulphur analysis.
Chapter 3 presents an approach for sulphur analysis and optimization of the digestion 
procedure for routine analysis o f total sulphur content of mine tailings using ICP.
Chapter 4 presents an experimental design o f pilot scale flotation tests on an Outokumpu 
flotation unit in Musselwhite mine which was carried out to assess the suitability o f froth 
flotation for desulphurization o f Musselwhite mine tailings for the purpose o f preventing 
AMD.
* :
Chapter 5 summarizes the key aspects and draws conclusions o f the research, and makes 
recommendations for further researches.
Since chapters 3 and 4 are prepared for publications in technical journals, there might be 
some overlapping in the introduction o f individual chapters.
1.4 Original Contribution
The original contribution include:
I. Demonstrate the development o f a method o f digestion for the analysis o f total sulphur 
o f mine tailings by ICP which would provide better accuracy and precision and can be 
used for routine analysis o f total sulphur not only for Musselwhite mine tailings but also 
for reactive tailings o f other mine sites.
II. Design and implement a pilot test for desulphurization of reactive mine tailings for 
AMD prevention. The collected data from the pilot study are used to evaluate the 
feasibility and effectiveness of froth flotation for desulphurization of Musselwhite mine 
tailings. The study provided vital information for the mining company to identify the key 
operational parameters for desulphurization of mine tailings. This work also presents a 
second order kinetic model to predict the performance o f froth flotation in terms of 
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2.1 Mining and Acid Mine Drainage
Mining industries provide economic benefits for many countries around the world. 
However, those industries generate large amounts of solid and liquid wastes that have 
adverse effects on the environment if  not properly managed. In particular, reactive mine 
tailings contain sulphide minerals such as iron sulphides that will react with water and 
oxygen and hence produce acidic leachate known as acid mine drainage (AMD). AMD is 
a serious problem where mining activities occur (Holmstrom and Ohlander 2001). In 
Canada, the mining industry generates approximately 650 million tonnes of mine waste 
per day (Government o f Canada 1994). It has been estimated by MEND (2001) that in 
Canada, the collective liability from sulphide-containing tailings is between $2 and $5 
billion depending on the method o f treatment or disposal selected.
AMD formation is highly variable from site-to-site and predicting the potential for AMD 
can be very challenging and expensive (USEPA, 2004). AMD is characterized by low pH 
and high concentrations of heavy metals and other toxic elements that can severely 
contaminate surface and groundwater, as well as soils (Peppas et al, 2000). According to 
Akcil and Koldas (2006), the reactions of acid generation are best illustrated by 
investigating the oxidation o f pyrite (FeSa). The first important reaction is the oxidation 
o f the sulphide as shown in Eq. (2.1):
g
FeS2 + 7/2 0 2 + H20  Fe2+ + 2S042’ +2H4 (2.1)
If  the surrounding environment is adequately oxidizing, much o f the ferrous iron (Fe2+) is 
oxidized to ferric iron (Fe34):
Fe2+ + l /4 0 2 + H 4 Fe3+ + 1/2 H20  (2.2)
At pH values between 2.3 and 3.5, ferric iron (Fe3+) precipitates as Fe(OH)3:
Fe3+ + 3 H20  Fe(OH)3 + 3H4 (2.3)
Any ferric iron (Fe34) which does not precipitate as Fe(OH)3 may be used to oxidize 
additional pyrite:
FeS2 + 14Fe3+ + 8H20 ^  15Fe2++ 2 S 0 42' + 4Hf (2.4)
Ferrous iron generated in reaction (2.4) can be re-oxidized to ferric iron, as shown in
reaction (2.2) which leads to an endless loop between reactions (2.2) and (2.4). All most 
all those reactions (e.g. Eq. (2.1), (2.3) and (2.4)) produce acidity (H4). The major 
problems associated with this acidity (H4) if  it remains uncontrolled and untreated.
The primary factors that determine the rate o f acid generation include (Akcil and Koldas, 
2006): pH, temperature, oxygen content o f the gas phase (if saturation is less than 
100%), oxygen concentration in the water phase, degree o f  saturation with water,
9
chemical activity o f Fe3+, surface area o f exposed metal sulphide, chemical activation 
energy required to initiate acid generation and bacterial activity. The permeability of rock 
is very important because high permeability have high oxygen ingress, which contributes 
to higher chemical reaction rates. The effect o f bacterial activity is highly sensitive to the 
environmental conditions. If  conditions are not favourable, the bacterial influence on acid 
generation is minimal (Akcil and Koldas, 2006).
2.2 Acid Mine Drainage Control Options
AMD can be controlled by excluding either oxygen or water (or both), as both oxygen 
and water are required to carry on the formation o f AMD. Li et al (1997) show that 
underwater storage can be used for disposing and storing mine tailings. The objective is 
to prevent contact between the minerals and oxygen because the diffusion coefficient of 
oxygen is 10,000 times less in water than in air (Yanful and Payant, 1992). Johnson and 
Hallberg (2005) suggested improving the effectiveness of underwater storage by 
covering the tailings with a layer o f sediment or organic material. It limits oxygen 
entrance as well as protects against re-suspension o f the tailings due to the actions of 
wind and waves. Mehling et al. (1997) suggested minimizing AMD production by 
blending acid-generating and acid-consuming materials to produce environmentally 
friendly composites. In this process, solid-phase phosphates (such as apatite) needs to be 
added to pyritic mine waste in order to precipitate iron (III) as ferric phosphate, thereby 
reducing its potential to act as an oxidant o f sulphide minerals (Johnson and Hallberg, 
2005). However, according to Evangelou (1998), this approach is not a permanent 
solution. He suggested applying soluble phosphate together with hydrogen peroxide. The 
peroxide oxidises pyrite, and hence produce ferric iron, which reacts with the phosphate
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to produce ferric phosphate. Ferric phosphate acts as a surface protective coating on 
pyrite surfaces. Lithotrophic (rock eating), iron- and sulfur-oxidising bacteria play an 
important role in generating AMD. According to Johnson and Hallberg (2005), several 
studies have been carried out to inhibit their activities in tailings by using anionic 
surfactants (such as sodium dodecyl sulphate), which are highly toxic to this group of 
microorganisms. However, the effectiveness o f biocide applications has been found only 
short-term control of the problem and requiring repeated applications o f the chemicals 
(Loos et al., 1989).
According to Johnson and Hallberg (2005), due to the practical difficulties associated in 
inhibiting the formation o f AMD at source, the only alternative is to minimise the impact 
o f AMD on receiving streams and rivers by controlling migration o f acidic mine water. 
Chemical-neutralising agents (such as lime (calcium oxide), slaked lime, calcium 
carbonate, sodium carbonate, sodium hydroxide, and magnesium oxide and hydroxide)
are widely used to raise the pH of AMD (Coulton et al., 2003). Those chemicals
. . \
accelerate the rate of chemical oxidation o f  ferrous iron and cause many of the metals 
present in solution to precipitate as hydroxides and carbonates (Johnson and Hallberg, 
2005). Although active chemical treatment can provide effective remediation of AMD, it 
produces bulky sludge (Johnson and Hallberg, 2005) and can be costly.
■ »
Bioremediation o f AMD is possible due to the abilities of some microorganisms to 
generate alkalinity and immobilise metals (Johnson and Hallberg, 2002). For example, 
photosynthetic microorganisms, by consuming a weak base (bicarbonate) and producing
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a strong base (hydroxyl ions), generate net alkalinity according to the following equation 
(Johnson and Hallberg, 2005).
6HCO3'(aq ) + 6H20  ^  C6Hi20 6 + 6 0 2 + 60H - (2.5)
The problem regarding bioremediation is that its performance is less predictable than 
chemical treatment systems (Johnson and Hallberg, 2002).
Froth flotation is a relatively new alternative for mine waste management. This method 
separates the sulphidic fraction from tailings that can be managed more easily. Moreover, 
the desulphurized fraction is chemically non-reactive and has good geotechnical 
characteristics to use as fine material in a cover for its capillary barrier effect (Bussie're 
et al., 1997; Bussie're et al., 1998; Benzaazoua et al., 1998b). Many researchers have 
worked on froth flotation o f sulphide minerals. Among them, McLaughlin and Stuparyk
(1994) evaluated the production of low sulphur tailings at INCO’s Clarabelle
\
concentrator; Balderama (1995) worked on various tailings impoundments in the United 
States to control AMD; and Leppinen et al. (1997) studied recovering residual sulphide 
minerals from the tailings in, Finland. Humber (1995) and Luszczkiewicz and Sztaba
(1995) have performed studies on sulphide flotation. As froth flotation is the key o f the 
present research, an overview o f the technique is presented in the following section.
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2.3 An Overview of the Flotation principles
The basic principle of froth flotation (attachment of particles to air bubbles) lies in the 
difference in wettability of different minerals. If a mixture of hydrophobic (easily 
wettable by water) and hydrophilic (water-repellent) particles are suspended in water, 
and air is bubbled through the slurry then the hydrophobic particles will be likely to be 
attached to the air bubbles and float to the surface. The froth layer will then be heavily 
loaded with the hydrophobic particle and can be removed. On the other hand, the 
hydrophilic particles remain in suspension (Whelan and Brown, 1956). Particles may be 
either naturally hydrophobic (hydrocarbons and non-polar solids), or the hydrophobicity 
can be induced through adding chemicals. The attachment o f the bubbles to the surface of 
a hydrophobic particle is determined by the Young/Dupre Equation,
YivCOS0 =  (ysv -  Ysi) (2 .6 )
A
where Yiv is the surface energy of the liquid/vapor interface (J /m ), ysv is the surface 
energy o f the solid/vapor interface (J /m ), Ysi is the surface energy o f the solid/liquid 
interface (J/m2), and 0 is the “contact angle” (Figure 2.1). If  the contact angle is too small 
then the bubble does not attach to the surface, whereas a very strong bubble attachment is 
a result o f a very large contact angle.
Hydrophobic particles may also be suspended through trapping between the bubbles 
known as entrainment (Kaya et al., 1990). Flotation of minerals is also possible due to a 
turbulence effect in the flotation machine (Jowett, 1966). All particles in a conventional
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froth may leave the froth by two ways: drainage back into the pulp or removal in the 
concentrate (Bisshop and White, 1976).
The three components on which the flotation process depends are the chemical 
component, equipment component and operation component (Kimpel, 1995). The 
chemical components are collectors, modifiers (depressants, activators and pH regulator) 
and frothers. The equipment components consist o f the design of the flotation cell, 
agitation, air flow, cell bank configuration and cell bank control. The operation 
components include the feed rate, mineralogy, particle size, pulp density and 
temperature. The following sections give a general overview on chemistry o f flotation 
and the effects o f those components on flotation.
2.3.1 Flotation Chemistry :
The most important feature in flotation chemistry is the control o f wettability of the 
target mineral species present in the flotation pulp (Fuerstenau, 1995). The surface 
chemistry of the particles and bubbles in the system are controlled using collectors, 
modifiers and frothers.
2.3.1.1 Collectors
The use o f organic reagents, known as collectors, is the basis o f separation by froth
$
flotation. The reagents are adsorbed onto the mineral surface and change hydrophilic 
materials into hydrophobic ones (Tasker et al 2004; Mielczarski et al 1998). Collectors 
are organic molecules containing both nonpolar and polar chemical, groups. The 
formation o f the bonds between collectors and mineral particles is mainly due to
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chemisorption through the polar end o f the collector (Klimpel, 1999). Redox properties 
o f the collector control the modes o f chemisorptions (Tasker et al 2004). Xanthates are 
more commonly used as a collector for flotation o f sulphides. The length o f their radical 
chain makes them more selective for collection of sulphide minerals (Crozier, 1992). In 
some cases, pyrite flotation may be inhibited due to the oxidation by dissolved cyanides 
(Wet et al., 1997). Therefore, cyanided pulps must be floated with a more expensive 
collector such as amine acetate (Benzaazoua and Kongolo, 2003). The pyrite flotation is 
also affected by high pH (greater than 10) o f the pulp at low concentration o f xanthate 
(Due, 1992). However, at a higher xanthate concentration, this effect disappears 
(Kongolo, 1991). Besides Xanthate, some other collectors such as thiocarbamates 
(Bradshaw and O’Connor, 1994), mercaptobenzothiazoles (O’Connor and Dunne, 1991) 
and amines (Hodgkinson et. al., 1994) have been used successfully for sulphide flotation. 
However, these collectors are not suitable for desulphurization processes due to their 




Modifiers are the chemicals that control the selectivity of the flotation process (Nagaraj, 
1997; Grano et al., 1997). They can be divided into four groups: Activators, Depressants, 
Dispersants and pH regulators.  ̂ u ^
Activators are specific compounds that facilitate collectors to adsorb onto the surfaces of 
pyrite. However, the precise reaction o f activators with pyrites has not been clearly 
established. Copper sulphate is generally used as an activator for activation o f pyrite and
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pyrrhotite (O’ Connor et al 1988). Voigt et al. (1994) show that copper is adsorbed on to 
the surface o f minerals as copper sulphide. When a collector (e.g. ethyl xanthate) is 
added in the pulp between pH 6-9, activated pyrite reacts with collectors and form 
Cu(I) ethyl xanthate (voigt et al., 1994), which is considered to be the hydrophobic 
product.
Depressants are the chemicals that prevent collectors from adsorbing onto particular 
mineral surfaces to facilitate the flotation of target minerals. Dispersants break 
agglomerated particles to interact more efficiently with collectors and air bubbles. pH 
controlling chemicals are the most simple modifiers. pH affects the surface chemistry of 
most minerals. The surface charge o f minerals is normally positive in acidic pH and 
negative under alkaline pH. Therefore, it is possible to control the attraction of collectors 
to the surface o f the minerals by pH adjustment. For example, above a pH of 11, pyrite is 
likely to be strongly depressed. In that case, the effectiveness o f pyrite flotation can be 
increased by decreasing the pH level.
\
2.3.1.3 Frothers
Frothers are another important element in froth flotation, which is composed of both 
polar and non-polar ends. Due to the heteropolar character, the frother adsorbs at the
air/water interface and lowers the water surface tension to produce small bubbles.
■ b
Frothers act to form stable air bubbles and to form a stable froth layer. Stabilization is 
important to keep air bubbles well-dispersed in the slurry. The stability o f the froth layer 
is important to avoid froth breakage before the collection o f froth. Undesired breakage 
may cause the return o f the particles to the pulp. Two kinds of frothers can be used in
froth flotation. One is the natural frother such as pine oil. Sometimes natural frothers act 
as weak collectors by attaching to pyrite and create some problems in the process control 
because they reduce the selectivity o f the collector (Kelley and Spottiswood, 1982). 
Another kind o f frother is a synthetic such as alcohols (e.g. Methyl Isobutyl Carbinol) or 
water-soluble polymers based on propylene oxide (e.g. polypropylene glycols), which 
does not act as collectors.
2.3.2 Importance o f hydrodynamic parameters
The recovery and selectivity o f the flotation process depends not only on chemical 
variables (e.g. types and amounts o f the reagents etc.), but also on the hydrodynamic 
conditions within the flotation unit (Cilek and Yilmazer, 2003). Therefore, hydrodynamic 
analysis o f flotation machines is very important in the design of flotation cells (Arbiter 
and Steininger, 1963; Degner, 1986; Wills, 1997; Schubert and Bischofberger, 1998; 
Yoon, 2000). Generally, the hydrodynamics is characterized by the air flow rate and 
impeller speed, which play a major role in particle/bubble collision, attachment and 
transport (Cilek and Yilmazer, 2003).
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Controlling o f the air flow rate and impeller speed is very important for improving the 
flotation performance. Suspension o f particles in a flotation machine is needed to make
effective contacts between particles and air bubbles. If the impeller speed is inadequate,
i ■ -
the larger particles will settle out. If the air flow rate is constant in a flotation unit, an 
increase in the impeller speed facilitates more air dispersion and hence increases the 
probability o f attachment particle on to the air bubbles. However, the flotation rate 
decreases under severe turbulence due to very high impeller speed because it disrupts
bubble-particle attachment for , the enhanced momentum of the particles (Ahmed and 
Jameson, 1989).
Laplante et al. (1983a, 1983b) investigated the effect of the air flow rate on the flotation 
rate. They considered two cases o f the transfer o f particles, one was the transfer of 
particles from the slurry to the froth and another was the transfer from the froth over the 
cell lip. According to their findings, in the first case, the flotation rate increases to a 
maximum and then decreases with the increase in the air flow rate, and in the second case 
the overall transfer rate increases with the increase in the air flow rate. Gorain et al. 
(1995a, 1995b, 1996a and 1996b) investigated the effect of the impeller speed and air 
flow rate on the bubble size, air holdup and superficial gas velocity in the flotation cell, 
and found three factors have a great influence on flotation.
The overall rate o f flotation depends on the number and size of the bubbles. If the 
bubbles are too small, they may not generate sufficient buoyancy to lift particles to the 
froth layer. If bubbles are very large, the number will not be adequate for a constant air 
flow rate. The mean bubble size of a flotation unit can be defined according to the 
following equation (Barigou and Greaves, 1992):
<fc = §jji . (2-7)
Where di2 is the sauter mean bubble diameter (cm) and di is the bubble diameter (cm). 
Smaller bubble size produce better flotation kinetics (Schubert and Bischofberger, 1978).
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Bennett et al. (1958) also show that the flotation rate can be increased by reducing the 
bubble size and providing more bubbles. Several factors control the size o f the bubbles 
such as the air flow rate (Gorain et al 1995a), the impeller speed (Gorain et al., 1995a) 
and the frother dosage (Cho and Laskowski, 2002; Finch and Dobby, 1990). Gorain et al. 
(1995a) showed that the mean bubble size decreased with an increase in impeller speed. 
Conversely, they showed that the mean bubble size increased with an increase o f the air 
flow rate (Figure 2.2).
The superficial gas velocity is the volume o f air passing through a unit cross-section area 
in a flotation unit per unit time. According to Schubert et al. (1982), the superficial gas 
velocity at different locations in a flotation cell gives an indication of the air dispersion 
characteristics in the cell. If  the superficial gas velocity decreases strongly, air dispersion 
over the cell volume is considered to be unsatisfactory (Gorain et al., 1996a) who also 
suggest that the superficial gas velocity increases with an increase in the air flow rate. 
The bubble Surface Area Flux is another important term which depends on the superficial 
gas velocity, which can be measured directly using the following equation (Finch and 
Dobby, 1990):
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Where, Sb is the bubble surface area flux (s’1); is the sauter mean bubble diameter 
(cm) and Jg is the superficial gas velocity (cm/s). Gorain et al. (1996 b) show that the 
flotation rate constant increases with the increase in Sb. The air hold up is the volumetric 
fraction o f air bubbles in the aerated pulp. Ramadan et al. (1998) and Gorain et al.
(1995b) show that the air hold up increases with the increase in the impeller speed. An 
increase in the air hold-up decreases the effective cell volume and consequently 
decreases the residence time for flotation (Bentli and Kaya, 2000).
2.3.3 Influence o f operational variables
The particle size has a great influence over the minerals recovery because the probability 
o f collision and adhesion o f particles with freely moving bubbles vary with the sizes of 
the particles. Orwe (2000) showed that the flotation rate is lower for particles finer than 
20 pm and coarser than 100 pm. The extreme coarser particles may not be levitated by 
the attached bubbles. On the other hand, very fine particles have much lower probability 
of particle-bubble interaction.
The pulp density (the solid content o f the slurry) is also an influential parameter on 
flotation, which has impact on the recovery and grade o f the product. A denser pulp 
requires a higher concentration o f collectors. Kirjavainen (1989) has shown that the 
entrainment factor increases with an increase in the pulp density. Therefore, lower 
density provides better product grade due to less entrained gangue (Andrew, 2002). On 
the other hand, higher density demands higher power for cell agitation and pumping. 
Therefore, the pulp density has to be optimized so that it allows for efficient flotation 
with appropriate power consumption (Hifyilmaz and Altun, 2006).
The froth depth, i.e. the thickness o f the froth phase, is a very important parameter that 
influences flotation kinetics because the froth retention time increases with an increase in 
the froth depth (Engelbrecht and Woodbum 1975). Kaya et al. (1990) have found that the
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larger amount o f entrained gangue (waste) is drained out for greater froth depth. 
Therefore, higher froth depth provides an improvement in the concentrate grade up to a 
certain degree (Engelbrecht and Woodbum, 1975).
2.3.4 Kinetics models o f batch flotation
A mathematical model to describe the flotation process can improve the operation and 
predict recovery from known inputs. A flotation model is similar to a chemical kinetics 
model. Zuniga (1935) proposed the first kinetics model of batch flotation according to 
the following equation where the variables such as air flow rate and impeller speed are 
kept at constant levels,
20
^  = -k C n (2.9)
where C is the concentration o f floating particles remaining in the flotation chamber up 
to the time t, k is the flotation rate constant and n is a constant characterizing the order 
o f flotation kinetics. The value o f ¿  shows how rapidly one species floats. Many 
researchers also tried to derive similar kinetic equations for k. Beloglazov (1947) derived 
an equation to measure the value o f k in Eq. 2.10.
l o g ^  = kt ‘ (2.10)
■ -• • * { X '
where x is the fraction o f minerals to the concentrate in a time t. Bogdanov and 
Khainman (1953) defined k according to the following equation
kdt dx(l-x )» (2.11)
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Where, n varies from 1 to 6. Jancarek (1964) expressed the equation of flotation rate in 
terms o f non-floated mineral particles, i.e.
kt = log (2.12)
°  l - y - x  v 7
where y is the fraction o f non-floated mineral particles. Jancarek (1964) shows that the 
flotation rate depends on the dimension o f the flotation cell, which is described in the 
following equation:
log i1—X a ——fi l+ b t (2.13)
Where, a is the partition coefficient, f2 is the cross-section o f the flotation machine
V
normal to the direction o f pulp movement (m ) ,  fi is the analogous cross-section for 
the nth layer (m2) and b is a constant related to the flotation activity of the ore (min 
1). According to Jowett and Safvi (1960), the flotation rate is also related to the volume 
o f the pulp and can be expressed as:
M]X_ kMiCl-x) | kM2 
Vi v2 ' V2 (2.14)
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Where, Mi is the amount o f floatable mineral (g) entering the chamber, M2 is the 
amount o f non floatable mineral (g) entering the chamber, Vi is the volume of pulp (L) in 
the chamber and V2 is the volume o f the tailings (L).
A debate arose on the rate o f kinetics (first and higher order) of a flotation process. 
Volkova (1946) and Jowett and Safvi (1960) suggest that at high pulp densities, flotation 
follows a higher order process. However, Tomlinson and Fleming (1963) show that at 
high pulp densities the order would vary from 1 to 0 due to over loading o f the froth by 
the mineral. Gaudin (1957) stated that the flotation rate would remain constant from 
beginning to end during flotation if  all particles present in a suspension are exactly 
similar in size, shape and surface characteristics. But deviation from the first order 
relationship is due to the inherent heterogeneous nature o f the flotation feed. Tomlinson 
and Fleming (1965) show that while an individual size fraction follows a first order rate, 
a combined mixture o f particles gives non-first order kinetics.
2.3.5 Flotation Machine Scale up
In order to maintain similar performance with similar pulp conditions in flotation cells of 
the same design, but of different size, it is required to increase impeller peripheral speed 
and air velocity with cell size (Arbiter et al, 1976). Impeller peripheral speed is defined 




Where, S is the impeller peripheral speed (ft/second), D is the outer diameter o f impeller 
(inches) and N is the rotational speed (RPM).
The ratio o f the air velocity and the impeller peripheral speed is proportional to the Air 
Flow Number. Arbiter et al (1976) suggested that the air flow number should be constant 
during scaling-up a mechanical flotation cell. They also suggested that the impeller speed 
and air flow rate should be varied independently to determine the optimum ratio for 
adequate suspension.
However, the performance o f a full-scale plant is not the same as that o f a pilot plant. 
Horst (1958) showed that additional retention time would be needed in the plant flotation 
circuit to duplicate pilot plant performance. Van der Linde (1980) found that recovery on 
the full-scale plant is significantly lower than that on the pilot plant (Figure 2.3).
2.4 Total sulphur analysis techniques for soils
During desulphurization (froth flotation) o f mine tailings a large quantity o f samples has 
to be analysed for total sulphur content. The methods available for accurate 
determination o f total sulphur (S) in soils involve two steps: (i) conversion of the various 
S compounds in soils either by oxidation to sulphate or by reduction to sulphide; and (ii) 
determination o f the quantity o f sulphate or sulphide produced.
Various methods have been employed to oxidize soil S to sulphate. Robinson (1930) 
recommended the fusion o f sample with Na2C03 and NaNC>3. Sodium carbonate alone
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may be enough to oxidize S during fusion (Evans and Rost, 1945). However, addition of 
an oxidizing agent would add assurance o f complete oxidation during fusion. This 
method is considered to be tiresome and operator sensitive.
Among various acid treatments proposed, digestion with HCIO4 or a mixture of HCIO4 
and HNO3 has been most common. However, all HCIO4 digestion procedures are 
subjected to danger o f explosion and fire. To overcome the unsafe features o f boiling 
HCIO4, Tabatabai and Bremner (1970a) developed a process that oxidizes soil S with 
NaOBr. This procedure is based on wet oxidation o f the soil S under alkaline conditions. 
Wet oxidation procedures are more suitable than ignition methods due to minimizing the 
risk of gaseous loss o f S (as H2S, SO2, or SO3). In most oxidation procedures, the product 
is sulphate, which can be determined gravimetrically or turbidimetrically (Bentley et al., 
1955).
Among all colorimetric methods recommended for determination of sulphate, the 
procedure developed by Johnson and Nishita (1952) has been considered to be the most 
accurate method available. This method involves reduction of sulphate to H2S, which is 
absorbed in a buffer and subsequently treated with p- aminodimethylaniline sulphate and 
ferric ammonium sulphate reagents for methylene blue colour development (Gustafsson, 
1962). The intensity of the methylene blue colour is analysed colorimetrically at a 
wavelength o f 670 nm.
■ k
Oxidation o f soil S to sulphate by NaOBr and analysis of the entire residue for sulphate 
by the Johnson and Nishita (1952) reduction-distillation procedure are preferred due to
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the. accuracy, and precision needed for total S analysis o f soils and soil extracts 
(Tabatabai and Bremner, 1970a).
Tabatabai et al. (1988) developed an ion chromatographic method for determination of 
total S in soils. It involves ignition o f a mixture of soil and NaHC03 containing Ag20 at 
550° C for 3 h. The residue obtained is dissolved in 1 M HO Ac, diluted with deionized 
water, filtered, and analysed for SO4 '  by a Dionex Model 2002i.
Eschka Method (Mott and Wilkinson, 1953) is known as a classic method for detection 
o f sulphur. In this method a sample is mixed with the Eschka mixture (2 parts 
magnesium oxide and 1 part anhydrous sodium carbonate.) and ignited at high 
temperature (800°C) to remove combustible matter and convert sulphur to sulphate. This 
is extracted and determined by either gravimetric method, or titrimetric method.
Several instrumental methods are available for determination of total S in soils. The 
LECO S analyser has been used for S analysis. In total S analysis with this instrument, 
the sample is heated to high temperature (1600° C) in a stream of purified O2, using an 
induction furnace. The SO2 liberated is collected in dilute HC1 and determined by 
titration with standard KIO3 solution. According to the Tabatabai and Bremner (1970b), 
determination of total S in soils using this method is not satisfactory.
The use o f X-ray fluorescence for determination of total sulphur in , soils have been 
judged satisfactory by several researchers (e.g. Tabatabai and Bremner, 1970; Steinmeyer 
and Kolbesen, 2001). However, the Environmental Technology Verification Program 
(NEWMOA, 1999) noted that high moisture content can interfere with the analysis.
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2.5 ICP Optical Emission Spectrometry
More recently, ICP-OES has become a viable measurement technique for total sulphur 
analysis (Pritchard and Lee, 1984; Vendrell et al. 1990). Plasma conditions are suitable 
for the excitation and measurement o f non-metals such as sulphur ((Pritchard and 
Lee, 1984). Moreover, ICP offers high sensitivity and relative freedom from chemical 
interference.
In ICP, argon gas is supplied to generate plasma. High frequency electric current is 
applied to the work coil at the tip of a torch tube to create an electromagnetic field. As a 
result, argon gas is ionized and plasma is generated. Plasma energy (having high electron 
density and temperature) is given to a sample such as sulphur to excite the atoms of 
sulphur. When the excited atoms return to a low energy position, emission rays are 
released and the content o f sulphur is determined based on the rays' intensity.
ICP requires digestion/dissolution o f solid samples into solution (Hoenig and Kersabiec, 
1996). The most time-consuming and error-prone step in the procedure is the digestion of 
the sample (Lamothe et al. 1986). On the other hand, it is not always necessary to have 
long digestion periods for satisfactory result by ICP (Huang and Schulte, 1985). Many 
researchers (e.g. Papp and Fischer, 1987) suggested HCIO4 for wet digestion. However 
formation o f unstable explosive perchlorate esters makes HCIO4 an extreme safety 
hazard. Haung and Schulte (1985) proposed H2O2 as a substitute of ;HC104. Nadkami 
(1984) used aqua regia (3:1 mixture o f hydrochloric (HCl) and nitric (HNO3) acids) for 
digestion of mineral samples. Aqua regia digestion was also recommended by US
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Department o f Energy (2004) to determine sulphur in high-level waste sludge by ICP. 
Aqua regia is considered adequate for dissolving most base element sulphates, sulphides, 
oxides and carbonates.
2.6 Sampling and preparation o f samples
There are several approaches that can be specified in the sampling plan. Among those, 
the most common approaches are random sampling and systematic sampling. Random 
samples are collected separately and independently whereas systematic samples are 
collected at prearranged intervals according to the sampling plan.
After collection o f the samples according to the sampling plan, the tailings sample should 
be air dried, crushed to the original size range and mixed well before chemical analysis 
(Richard and Pamela, 1991).
The samples can be dried using forced air at ambient temperatures (Bruce and Donald, 
2009). Elk and Gelderman (1988) recommended that soil samples should not be dried at 
greater than 36°C. Thien et al. (1978) stated that microwave drying may alter the 
analytical results and should be avoided.
i
Various soil grinders and crushers are available commercially (e.g. roller-crushers). It is 
recommended to get most o f the sample to less than 2 mm with the least amount of 
grinding (Bruce and Donald, 2009).
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The . bulk soil sample should be thoroughly homogenized by mixing with a spatula. 
Sample should be loosened and mixed together as much as possible. The subsample 
should be obtained from the center o f the mixed sample.
;
Subsamples should be weighed into a tared vessel with a minimum precision o f +/- 1% 
(e.g., 1.0 +/- 0.01 g) (Bruce and Donald, 2009). Different amount o f subsamples are 
recommended for different techniques. For example, Pritchard and Lee (1984) used 0.3- 
0.4g o f sample for ICP; Steinbergs (1962) used 0.5 g samples for the reduction method 
and Joao et al (2001) used .01-.08 g samples in an elemental analyzer during sulphur 
analysis. '
2.7 Errors in Chemical Analysis
Chemical analysis has some uncertainty, which is known as errors. There are two kinds 
o f error in chemical analysis: systematic error and random error.
Systematic Error
Systematic error results from invalid sampling, operator or equipment instability, 
unrecognized sample loss or contamination, poor instrument calibration and faulty 
reporting o f data (Currie and Devoe, 1977). This kind of error can be detected and 
corrected by
• Analyze samples o f known composition (i.e., certified materials).
• Analyze “blank” samples.
• Use different analytical methods to measure the same quantity.
• Assign different experimenters to analyze the same samples by the same method.
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Random Error
Random errors results due to the uncontrollable factors (e.g. unpredictable fluctuations in 
the readings o f a measurement instruments) in the experiment. This kind of error can 
only be minimized, by taking replicate measurements on the sample.
2.8 Gold Mining
Gold mining consists of the processes employed in the removal o f gold from the ground. 
There are several techniques to extract gold from the earth. Cyanide extraction o f gold is 
used in areas where fine-gold bearing rocks are found. Sodium cyanide solution is mixed 
with finely-ground rock to separate gold from the ground rock as golcTcyanide solution. 
The chemical reaction for the dissolution o f gold is shown in Eq. (2.16),
4 Au + 8 NaCN + 0 2 + 2 H20  ->  4 Na[Au(CN)2] + 4 NaOH (2.16)
Hard carbon particles (much larger than the ore particle sizes) are used for recovery of 
gold which has been liberated into a cyanide solution. The gold cyanide complex 
is adsorbed onto the carbon particle. The carbon is then removed and washed before 
undergoing "elution" o f gold cyanide at high temperature. The rich eluate solution is 
passed through electrowinning cells where gold is precipitated onto the cathodes.
30
2.9 Summary
Desulphurization o f mine tailings is critical in the effective management o f AMD. To 
achieve the goal, comprehensive understanding of the causes o f acid generation and 
existing management options o f the mine site are needed. Tn this chapter, a brief review 
of AMD at mine sites followed by a summary of treatment methods have been described; 
the principle o f froth flotation is reviewed to obtain a better understanding o f the 
mechanism. Sulphur analysis is also an important part o f this thesis, therefore various 
methods involved in sulphur determination o f soil samples are reviewed as well.
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Figure 2.1 Contact angle between air bubble and 
solid surface immersed in liquid (after Della Bona, 
et al, 2004)
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Figure 2.2: Variation of mean bubble size with air flow rate and impeller speed 
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OPTIMIZATION OF DIGESTION PARAMETERS FOR ANALYZING THE 
TOTAL SULPHUR OF MINE TAILINGS BY INDUCTIVE COUPLED PLASMA
OPTICAL EMISSION SPECTROMETRY1
3.1 Introduction
Sulphur is commonly found in nature from pure sulphur to sulphide and sulphate 
minerals. Pyrite (FeS2), one o f the sulphide minerals, is the main contributor to a 
devastating environmental problem called Acid Mine Drainage (AMD) resulted from 
mineral exploration (Evangelou and Zhang, 1995). AMD is the outflow of acidic waters 
from mines, characterized by high heavy metal and sulphate concentrations, high 
electrical conductivity and low pH (Mills, 1985). Pyrite deposits are found in layers of 
rock beneath the earth surface, where there is little or no oxygen. In mining operations, 
these deposits are brought to the surface. After crushing and retrieval of valuable
minerals from the mineral deposit, the waste is left at the mine site, known as tailings.
\
Tailings containing pyrite oxidize quickly when they are exposed to the atmosphere and 
water, and produce AMD as described in the following reaction (Akcil and Koldas, 2006)
4FeS2 (s) + 1502 + 14H20  4Fe(OH)3 (s) + 8S042' + 16H+ (3.1)
’■ ...........  .........  ’ is '
Although acid streams can occur naturally (e.g. Yellowstone National Park, JUS A), most 
are a result o f mining activities (Jenkins et al., 2000). The weathering of pyrite in mine-
1 Aversion o f this chapter has been submitted to the Environmental Monitoring and
Assessment Journal in December 2010
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waste occurs, not only during the life of the mine, but also for many decades and even 
centuries afterwards. The high acidity o f acid mine drainage results in high 
concentrations o f dissolved heavy metals which makes AMD toxic to most organisms 
(Pentreath, 1994). To assess the impact of acid generating tailings, the sulphur 
concentration is routinely monitored.
The Musselwhite Gold Mine is located on the southern shore of Lake Opapimiskan, 480 
kilometres north of Thunder Bay, Ontario, Canada. 4,000 tons of ore is processed daily, 
generating large quantity o f reactive tailings. The local geology features the Greenstone 
belts, the linear volcanic and sedimentary centers that are engulfed and completely 
surrounded by granitic-gneissic basement rocks; these belts are typical of the shield areas 
o f northern Ontario, Quebec and the Northwest Territories (Derek, 1998). Gold occurs as 
native gold inter-grown with pyrite and/or pyrrhotite. Mineralogical analysis using X-ray 
diffractometry (Wang et al., 2006, Muluken et al., 2009) reveals that Musselwhite mine
tailings (MT) contain sulphide minerals (pyrite or pyrrhotite), which are susceptible to
. . \
oxidation and AMD generation. Therefore, proper management of MT is very important 
to control AMD. As part o f the management system, environmental desulphurization has 
been under consideration. In this process sulphide rich tailings are separated and disposed 
underwater, whereas the rest is disposed on land. For the purpose of AMD prevention,
the sulphur o f concern in tailings is acid generating species. The non-acid generating
* .
sulphur in the form of sulphate (SO4) is stable and its detection is inexpensive and can be 
completed by ion chromatography, colorimetry, gravimetrically, or turbidimetrically 
using either manual or automated procedures (Clesceri et al., 1990). Therefore, if  one can
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measure the total sulphur and sulphate in tailings with accuracy and precision, the 
fraction o f acid generating sulphur can be derived.
A variety o f methods have been used to determine the total sulphur (S) in natural 
substrates, but most o f them are cumbersome and time consuming (Mark et al., 1989). 
Techniques for determining the total sulphur in soil samples include: magnesium 
nitrate ashing followed by turbidimetric determination (Guthrie and Lowe, 1984); 
Inductively-Coupled Plasma (Novozamsky et al. 1986; Pritchard and Lee, 1984; Zhao 
and Mcgrath, 1994); Ion Chromatography (IC) (Tabatabai et al., 1988; Dick and 
Tabatabai, 1979); Indirect atomic absorption (George, 1995); Alkaline oxidation 
followed by hydriodic acid reduction (Tabatabai and Bremner 1970; Tabatabai and Chae, 
1982; Landers et al., 1983); and X-ray fluorescence (Tabatabai and Bremner, 1970; 
Steinmeyer and Kolbesen, 2001). The Elemental analyzer has been considered 
unsatisfactory due to the fact that it requires accurate and precise determination of total
sulphur in tailings. This is difficult because the sulphate in tailings cannot be converted
, \
into SO2 in normal O2 combustion. A reductive combustion is prerequisite for the 
conversion o f SO42' (+VI) to SO2 (+IV) (Artiola, 1990). A high performance liquid 
chromatographic (HPLC) procedure is a rapid and selective routine for determinations of 
SO42* (Rasian et al., 1987). However, it is found in this study that the HPLC often failed
to provide stable results for the total sulphur measurement in tailings. The strike o f the
■ i
sulphate sulphur is often blocked by other anions and it is labour intensive to separate via 
pH adjustment.
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Although many studies have been done for determination o f total sulphur in soils, plants 
and liquids, the method for determination o f the total sulphur in mine tailings has not 
been reported in the open literature. At present, the total sulphur is analyzed by LECO 
analyzers in most studies on mine tailings (e.g. Bernhard and Luis, 2002). The recovery 
range has been reported between 86% and 90 % for total sulphur detection (Arthur 
and Tom, 1971). Furthermore the Relative Standard Deviation (RSD) values for 
duplicate samples using the LECO analyzer were found to be as high as over 10% for 
soil (Mark et al., 1989).
The objective o f this study is to develop a robust, rapid and simple approach for the total 
sulphur analysis o f reactive mine tailings. A method of digestion is developed for the 
analysis o f the total sulphur of mine tailings by inductively-coupled plasma (ICP), which 
provides better accuracy and precision. ICP has emerged as a useful technique for the 
analysis o f soil for its multi-elemental analysis capability, high detection power and low 
sample consumption (Falcina, 2000). However, sample preparation is still a major factor 
in uncertainties involved in the analytical results (Al-Harahsheh et al., 2009). Acid 
digestion is recognized as the key for sample preparation. ICP requires 
digestion/dissolution of solid samples into solution (Hoenig and Kersabiec, 1996). In this 
study, a general procedure is developed to detect the total sulphur of reactive tailings
which includes four steps: (1) leaching for the extraction o f soluble sulphate; (2)
&
A
converting the solid sample into solution; (3) oxidizing all non-sulphate sulphur, i.e. S , 
S° and S4+ to sulphate, (SO42'); and (4) detecting the sulphate concentration by ICP. In 
addition, since complete digestion o f the sample is required to achieve reproducible and
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accurate results (Sandroni et al, 2003), an acid mixture is formulated in this study as a 
standard solvent to complete oxidation under heating.
3.2 Materials and Methods 
3.2.1 Samples
The certified reference materials used for method validation are RTS-2 (a low pyrrhotite 
(oxidized) material) and KZK-1 (composed o f quartz, albite, muscovite, biotite, rutile, 
ilmenite, ankerite, calcite, monazite, zircon, pyrite and pyrrhotite with trace amounts of 
calcite, clinochlore, kaolinite and sphalerite). RTS-2 and KZK-1 are prepared and 
characterized by the Canadian Certified Reference Materials Project (CCRMP). The total 
sulphur content o f RTS-2 is 18.95 ±0.37% and KZK-1 is 0.8%.
The tailings samples were recovered from the outlet of Musselwhite mine, which are 
stored under a water cover to inhibit oxidation. The tailings were air-dried for 24-48 
hours in the lab, crushed to the original size range, mixed thoroughly to achieve homogeneity 
and placed in sealed tubes for further tests. Analyses o f particle size distribution were 
conducted first, indicating the tailings contain mainly fine solids (D50 is 0.015 mm; and 
97% is finer than 74 microns (passing U.S. Standard Sieve #200)). The fine particles are 
produced by high efficiency mine grinding and milling equipment, thus are susceptible to 
oxidization due to their large specific surface areas.
*,
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3.2.2 Reagents , ,
Several acid mixtures were formulated to digest the reference materials and tailings 
samples for the purpose of oxidizing and dissolving sulphur components. The acid 
mixture o f Nitric acid (HNO3) and Hydrochloric acid (HC1) in different ratios, and Nitric 
acid alone were tested. All reagents were o f analytical grade from Fisher Science and 
Sigma. Deionized water was used throughout the study. A varian sulphur AA standard 
was used during sulphur quantification by ICP.
3.2.3 Apparatus
An electrical heating block (model: HB-1, Wealtec) was used in this experiment so that 
12 samples can be heated simultaneously. Two devices were employed during digestion 
o f samples. One was a reaction tube with a ground joint connected to a Liebig condenser. 
The other device was vials with white caps (HACH). Analyses were performed with a 
Varian Vista Pro (ICP-OES) auto sampler using the wavelengths and operating 
conditions summarized in Table 3.1. , :
3.2.4 Digestion Procedures _
A summary o f the testing conditions (volume o f acid in ml, time in minutes and types of 
refluxing device) used in the digestion procedures for each experiment are shown in 
Table 3.2. Each sample was mixed thoroughly to achieve homogeneity* and then 
accurately weighed and transferred into a digestion tube. One hundred milligrams (100 
mg) are the minimum mass o f  a sample for sufficient accuracy and precision o f total 
sulphur measurement (Lechler and Desilets, 1990). Therefore at least 100 mg samples
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were used for each analysis. After transferring the sample into a digestion tube, the 
mixture o f HNO3 and HC1 or pure HNO3 was added. Acid digestion was carried out at 
95°C to avoid vigorous boiling. Before uncapping, the tubes were allowed to stand 5 
minutes for cooling and settlement o f residue. The mixture was transferred into a 50ml 
polypropylene centrifuge tube rinsed with deionised water. The sample was centrifuged 
for 10 min at 2,000-3,000 rpm to remove particulates. The clean supernatant was 
collected in a 50ml volumetric flask. The volumetric flux was made to volume (50 ml) 
with De-ionized water. For each batch o f samples processed, a method blank (i.e. 
laboratory deionised water analyzed following the same step-by-step procedure used on 
the samples, introducing all reagents) was tested throughout the entire sample preparation 
and analytical process. All blanks showed the samples were not contaminated. The 
concentration o f the total sulphur in the supernatant was measured by ICP.
3.3 Results and Discussions
The experimental results of the total sulphur content in reference materials as well as in 
tailings samples are presented in Table 3.2. The goal of the study is to decide the 
influencing factors (i.e. acids, heating time and refluxing device) to the performance of 
detection o f total sulphur and their relative significance. Furthermore, one needs to 
determine the optimal volume o f acid and heating time based on the response o f total 
sulphur. It is also important to adopt a statistical model to predict the total sulphur that is 
representative o f the experimental data. This goal is achieved by the analysis o f variance 
(ANOVA), a powerful statistical tool o f analyzing data from designed experiments and 
testing significance of influencing factors.
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In the present study, the experimental data were processed for ANOVA by the statistical 
software MINITAB 15 and IBM SPSS STATISTICS 19. ANOVA was employed to find 
the significance o f influencing factors including the volume o f acids, heating time and 
refluxing device, based on the response o f total sulphur content (%) on a 95% confidence 
interval. Before making any conclusions based on ANOVA, the assumptions used 
through ANOVA process were verified first i.e. (1) The values for each level follow a 
Normal distribution; and (2) The variances are the same for each level (Homogeneity of 
Variance) (Hogg and Ledolter, 1987). The Normality assumption can be verified by 
obtaining a normal probability plot o f the residuals. The residual can be defined by the 
following equation:
eu = yu - yu (3.2)
where, ey is the residual, yy is the corresponding total sulphur (%) o f the experiments,
and yy is the fitted value o f total sulphur (%) by the ANOVA model. The Normal
Probability plot will be linear if  the residuals have a normal distribution (Douglas, 2001).
Normal probability plots have been drawn for both references materials (Figure 3.1) and
tailings sample (Figure 3.3). Since the P-values are 0.80, 0.444 and 0.129 according to
the Anderson-Darling normality test for KZK-1, RTS-2 and tailings sample respectively,
(i.e. larger than 0.05), it can be concluded that the normality assumption is valid
*
(Matoorian et al., 2008). The Homogeneity of Variance assumption is verified by plotting 
residuals versus fitted values, as shown in Figures 3.2 and 3.4 for two reference materials 
and one tailings sample respectively. As there is no specific pattern that could reveal any 
indication o f a non-constant variance, the second assumption, i.e., homogeneity of
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variance assumption, is also valid. Therefore ANOVA assumptions are satisfied for this 
study. Furthermore, according to the 95% confidence level, the significance of the 
ANOVA model was found to be 0.041, 0.035 and 0.031 (i.e. less than 0.05) for KZK-1, 
RTS-2 and tailings sample respectively (Tables 3.3, 3.4 and 3.5). Thus, the ANOVA 
results shown in Tables 3.3, 3.4 and 3.5 for KZK-1, RTS-2 and the tailings sample 
respectively, are reliable.
In view of the fact that a confidence level o f 95% is used to examine the significance of 
the studied variables (volume o f acid, heating time and refluxing device), the P-value less 
than 0.05 indicates that the effect of the corresponding variable is significant on the 
response o f the total sulphur (%). The variance ratio of the total sulphur (%), denoted by 
“F” in ANOVA Tables 3.3, 3.4 and 3.5, is the ratio o f the mean square due to an specific 
influencing factor (e.g. acid, heating time etc.) and the error mean square. In the 
experimental design, the F ratio is used to determine the relative factor effects; the larger 
the value o f F, the more important that factor is in influencing the response of the total 
sulphur (%) (Phadke, 1989).
The ANOVA model has been fitted for KZK-1, RTS-2 and tailings' sample by which the 
total sulphur (%) can be predicted. In this model, Type III SS method was used, which 
calculates the reduction in Error Sum of Square (SS) by adding the effect after all other
i
effects are adjusted. The main effects o f the ANOVA model of the present study can be 
parameterized as
yijk i- P  +  <*i +  pj +  Yk +  5i +  Sijki (3.3)
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Where, yjjki is the total sulphur (%), p is the mean (%), a; is the effect o f i* value of 
HNO3 (%), Pj is the effect of j th value o f HC1 (%), yk is the effect of k111 value of Time (%) 
and 81 is the effect o f 1th value o f refluxing device and eyki is the model error . Table 3.6 
gives estimate o f individual parameters (p, 04, pj, yk and 8i) .for KZK-1, RTS-2 and the 
tailings sample. The R2 values were found to be 0.868, 0.943 and 0.945 for KZK-1, 
RTS-2 and the tailings sample respectively, which indicate that the data are fitted well in 
the ANOVA model (Tables 3.3, 3.4 and 3.5). Therefore, the ANOVA model can be used 
to predict the total sulphur (%). The experimental results of both reference materials as 
well as the tailings sample will be discussed in the following sections according to the 
result o f ANOVA.
3.3.1 Certified Reference Materials
Certified reference materials (CRMs) are widely applied to ensure the reliability
o f analytical data and in validation o f the accuracy of analytical methods (Sutamo
\
and Henry, 1985). In the present study, KZK-1 and RTS-2 were selected as reference 
materials containing pyrite and pyrrhotite. Furthermore, these materials represent a wide 
range o f sulphur content from 0.8% (for KZK-1) to 18.95 % (for RTS-2). The effect of 
each factor (acids, heating time and refluxing device) on the analysis of sulphur and




3.3.1.1 Effects o f acids P
Different acid mixes, such as HNO3-HCI, HNO3-H2SO4, and HNO3-HCIO4, are 
commonly used in digestion of soil samples (Chao et al., 1995). Among those, the acid 
mix HCI-HNO3 has been more frequently used (Nieuwenhuiz et al 1991). For complete 
digestion o f samples with alumina-silicate matrixes in geological samples, hydrofluoric 
acid (HF) has to be used for total digestion (Krachler 2002). However, in this study, the 
objective is not to dissolve elements bound in silicate structures since the silicate 
structure has been destroyed during the mineral processing. Therefore, the sulphur 
components in the reactive tailings are easier to extract. In the experiments, the volume 
o f HC1 and HNO3 were designed as variables.
Three levels o f HC1 (0, 1 and 3 ml) and 2 levels o f HNO3 (1 and 2 ml) were studied for 
KZK-1. The ANOVA results in Table 3.3 reveals that the volume of HC1 is significant 
on the response o f sulphur (%) as the P-value is 0.031 (< 0.05), whereas the volume of 
HNO3 is found to be not significant on the response of sulphur (%) as the corresponding 
P-value is 0.107 (> 0.05). To optimize the amount of acids required to digest KZK-1, 
marginal means o f sulphur (%) are estimated based on the ANOVA model and plotted in 
Figures 3.5 (a) and 3.5 (b). The reference line is drawn at 0.8% (as the mean S-content in 
KZK is 0.8 %). It is seen in Figure 3.5 (a) that the mixture o f 1 ml o f HC1 plus 1 ml of 
HNO3 for 40 minutes of digestion gives the closest response for the total sulphur (%) to 
the 0.8% reference line.
Four levels o f HC1 (0, 1 ,2  and 3 ml) and 2 levels of HNO3 (1 and 2 ml) were studied for 
RTS-2. From ANOVA results (Table 3.4), it is clear that the volume of acid (both HNO3
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and HC1) is not significantly affect digestion o f RTS-2 as the P-value is greater than 0.05 
for both HNO3 and HG1. Therefore, the minimum level of acids (e.g. 1 ml HNO3) can be 
used to digest the samples. To optimize the level of acids, marginal means of sulphur (%) 
are estimated based on the ANOVA model and plotted in Figures 3.6 (a) and 3.6 (b). 
Reference lines are drawn at 18.52% and 19.32% based on the mean o f RTS-2, 18.95 
±0.37%. It reveals in the Figure 3.6 (a) that a mixture o f 2 ml of HC1 p lu s 1 ml of HNO3 
for 40 minutes o f digestion gives the optimum result.
3.3.1.2 Effect o f time
The duration o f digestion was selected as one o f the influencing factors in this study. 
Three levels of digestion time (30, 40 and 120 minutes) were studied for KZK-1. The 
ANOVA results (Table 3.3) reveal that the effect o f time is significant as the P-value is 
less than 0.05 for KZK-1. Five levels o f digestion time (30, 40, 50, 60 and 120 minutes) 
were studied for RTS-2. From ANOVA results (Table 3.4), it is clear that the effect of 
time is significant for RTS-2 as well, as the P-value is also less than 0.05. It is 
noteworthy to mention that the digestion time has been found to be the most significant 
influencing factor on acid digestion, because its lowest P-values for both KZK-1 (0.015) 
and RTS-2 (0.019). Incomplete decomposition may occur with inadequate heating 
(Bettinelli et al., 1989). Therefore the selection of an optimum digestion time is very, 
important. The results shown in Figures 3.5 and 3.6 indicate that 40 minutes would be
■ I
adequate for digestion o f both KZK-1 and RTS-2.
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3.3.1.3 Effect o f refluxing device
Reflux is a technique involving the condensation of vapours and return of the condensate 
to the system from which it is originated. Two kinds of apparatus were employed during 
digestion o f the samples. One was a vial with a screw-on cap and another one was a 
reaction tube connected to water cooled condenser as refluxing device. From ANOVA 
results (Tables 3.3 and 3.4), it is clear that the effects o f the refluxing device is not 
significant for both KZK-1 and RTS-2. However to compare the effects o f  those two 
devices, marginal means of sulphur (%) is estimated based on the ANOVA model and 
plotted in Figures 3.5 (c) and 3.6 (c) for KZK-1 and RTS-2 respectively. Figure 3.5 (c) 
shows that the reaction tube connected to a water cooled condenser gave better result for 
the response o f marginal means of sulphur (%) for KZK-1. On the other hand, the screw- 
on cap tubes gave a better response for the marginal means o f sulphur (%) for RTS-2.
3.3.1.4 Validation o f the method
The accuracy o f the digestion method for determination of sulphur was verified by
\
analysis of two certified reference materials (KZK-1 and RTS-2). The international 
organization of Standardization (ISO) defines the accuracy as “the closeness of the 
agreement between the true value and the measured value” (Maier, 1996). In the present 
study, the percentage o f error is measured according to the following equation (Eq. 3.4). 
The larger the percentage of error, the low accuracy of the experiment is and vice versa.
Percent error = |p; - u |/u X 100 (3.4)
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Where, u is the certified value and p; is the measured value. The results o f the accuracy 
analysis are shown in Figures 3.7 and 3.8 for KZK-1 and RTS-2 respectively. According 
to Jenner et al. (1999), the agreement is good when the percent error is between 3% and 
7% and excellent when the percent error is between 0% and 3%. In the case o f KZK-1, 
all experiments show good to excellent accuracy. For KZK-1, Test No 7 had the lowest 
accuracy (highest error, i.e. 5.125%), which may be due to the short digestion time (30 
minutes). Test No. 11 had the best accuracy (lowest error, i.e. 1%), which may be due to 
the longer digestion time (120 minutes). In the case of RTS-2, almost all experiments 
show good to excellent accuracy except Test Nos. 23 and 24, which may also be due to 
the influence o f digestion time. ANOVA results also showed that the digestion time has 
significant effect on the response o f sulphur (%) for both KZK-1 and RTS-2. Test No. 20 
gives the best accuracy (error 0.105%) among all the experiments. From results of 
ANOVA and the accuracy analysis, the digestion time has been found to be the most 
significant influencing factor and a digestion time of 40 minutes would produce high 
accuracy for both KZK-1 and RTS-2. Recoveries were calculated as the percentage of 
certified elemental (total sulphur) concentration extracted from the reference materials 
(KZK-1 and RTS-2) (Eq. 3.5).
Recovery = — x 100 (3.5)
u
According to the Chen and Ma (1998); recoveries 80-120% are considered to be 
acceptable. Recovery of total sulphur was consistently greater than 90 % in all tests in 
this study (Table 3.2).
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Precise (i.e. how close a series o f measurements to one another) sulphur content 
measurement in tailings sample is a major prerequisite for a meaningful interpretation of 
the results. In this study, precision is expressed as the relative standard deviation (RSD) 
%. Replicate analyses (n = 4) were done for the digestion of KZK-1 (Tests nos. 2, 6, 8 
and 9). The RSD values were found to be as low as 0.9%. The results indicate that the 
digestion procedure offers good precision for total sulphur (%) analysis using ICP.
3.3.2 Tailings samples
As the ANOVA results show that the effects o f HNO3 and refluxing device are not 
significant on the response o f total sulphur (%) for both KZK-1 and RTS-2, the volume 
o f HNO3 (1 ml) was kept constant and only the screw-on cap device was used for all tests 
on tailings samples. On the other hand, the volume o f HC1 and time were studied as 
variables because they were found to be significant for the reference materials. Three 
levels o f HC1 (0, 2 and 3 ml) were studied for tailings samples. From ANOVA results 
(Table 3.5), it is clear that the volume o f HC1 has significant effect on digestion of 
tailings samples as the P-value is less than 0.05. Therefore a proper amount of HG1 has to 
be selected for digestion o f tailings samples. Three levels o f digestion time (30, 60 and 
120 minutes) were studied for tailings samples. From ANOVA results (Table 3.5), it is
clear that the effect of time is not significant as the P-value is greater than 0.05.
i
Therefore, it was decided that 30 minutes heating would be enough to digest tailings
1
samples. ■ ■ ■ • ■ :
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To - compare the results of acid digestion of tailings samples with unknown S- 
concentrations, the tailings samples were also analysed : by X-ray fluorescence 
spectrometry (XRF) (Test No. 35). XRF was selected to compare with the result of acid 
digestion method because several researchers (e.g. Tabatabai and Bremner, 1970; 
Steinmeyer and Kolbesen, 2001) have found the XRF technique satisfactory for analysis 
o f total sulphur in soil. To optimize the level of acid for the tailings sample, marginal 
means o f sulphur (%) are estimated based on the ANOVA model and plotted in Figure 
3.9. The reference line is drawn at 1.1%, as the total sulphur was found to be 1.1% by 
using XRF. It reveals in the figure that digestion o f the tailings sample with aqua regia (1 
ml HNO3 + 3 ml HC1) gave the closest result compared to that o f XRF.
3.3.3 Proposed digestion method
According to the S analysis of the reference materials and tailings samples, the important 
observations are as follows: 1 ml o f HNO3 has been found to be adequate to digest 0.1 g
of S-containing materials, including reference and tailings for 30 minutes o f heating.
\
Recovery o f 96% for KZK-1 and 93% for RTS-2 were found at this level (Table 3.2). 
Digestion with 1 ml of HNO3 along with 2 ml of HC1 for 40 minutes o f heating gave the 
best accuracy (as well as optimized from ANOVA model) for RTS-2. For, KZK-1, 2 ml 
of HNO3 along with 1 ml of HC1 for 120 minutes of heating gave the best accuracy and 1 
ml of HNO3 along with 1 ml HC1 for 40 minutes o f heating was found to be optimum 
levels based on the ANOVA model. Aqua regia (1ml HNO3 + 3 ml HC1) digestion gave 
very good accuracy for both KZK-1 and RTS-2. Recovery was over 97% for both the 
reference materials for only 40 minutes o f heating. Finally for tailings sample, digestion 
with aqua regia gave reliable result, as judged by XRF.
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In summary, the analyses o f reference materials as well as tailings samples indicate that 
aqua regia (1 ml HNO3 + 3 ml HC1) digestion should be selected, which requires 0.1 g of 
samples using screw cap device for 40 minutes of heating in a heating block at ; 95°C 
temperature. This procedure can be adopted for routine analysis of total sulphur in mine 
tailings by using ICP. i
3.3.4 Application %
The procedure developed in this study has important application in the feasibility study 
o f desulphurization by froth flotation for MT management. During desulphurization a 
large quantity o f tailings samples have to be analysed for total sulphur content. The 
procedure developed in this study was applied to digest tailings samples during the study 
o f desulphurization. Two different fractions o f tailings are produced at the end of 
desulphurization. One is desulphurized tailings and another is a smaller quantity of 
sulphide enriched tailings. The result of 10 minutes of desulphurization by froth flotation 
is shown in Table 3.7. It has been shown that a wide range of sulphur content (%) was 
measured (0.26% to 8.73%) using the proposed method.
3.4 Summary
A standard procedure was developed and optimized to assess the total sulphur in reactive 
mine tailings by ICP. The following summary can be made on the basis of .the findings 
from this research:
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Aqua regia (1 ml HNO3 + 3 ml HC1) has been selected for acid digestion o f mine 
tailings for analysis of total sulphur for its good recovery (97%) over a wide 
range of sulphur concentration (0.8 % to 18.95%) in a short period (40 minutes). 
ANOVA is carried out to find out the statistical significance o f influencing 
factors with respect to the performance o f detection o f total sulphur. The results 
o f ANOVA indicate that time is the most significant parameter for acid digestion 
o f both reference materials KZK-1 and RTS-2, whereas the volume of HC1 was 
found to be the most significant factor for digestion of tailings samples. The P- 
values in ANOVA tables show the order o f significant factors as Time > HC1 > 
refluxing device > HNO3 for KZK-1, Time > refluxing device > HC1 > HNO3 for 
RTS-2 and HC1 > Time for tailings sample.
Finally, the proposed method (aqua regia digestion for 40 minutes of heating) was 
used to measure sulphur contents o f tailings samples varying in a large range 
during desulphurization study o f mine tailings in the laboratory.
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Table 3.1 Operational conditions for ICP-OES analysis.
Power 1.10 kW
Plasma flow 15.0 L/min
Nebulizer flow 0.80 L/min
Auxiliary flow 1.5 L/min
Frequency 40 MHz
Replicate read time 5 s
Instrument stabilization delay 15s
Pump rate 15 rpm
Sample uptake delay 30s
Rinse time 25 s
Wavelength for sulphur 181.972 nm
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1 1 3 . 120 KZK-1 S 0.772 96.5
2 1 0 30 KZK-1 S 0.772 96.5
3 2 0 120 KZK-1 S 0.809 101.1
4 ' 1 0 120 KZK-1 S 0.820 102.5
5 2 0 120 KZK-1 S 0.781 97.6
6 1 0 30 KZK-1 S 0.762 95.3
7 1 1 30 KZK-1 S 0.759 94.9
8 1 0 30 KZK-1 S 0.769 96.1
9 1 0 30 KZK-1 S 0.779 97.3
10 1 3 40 KZK-1 R 0.779 97.3
11 2 1 120 KZK-1 R 0.808 101
12 2 3 120 KZK-1 R 0.779 97.3
13 1 0 120 RTS-2 S 18.77 99.0
14 2 ; 0 120 RTS-2 S 18.78 99.1
15 1 3 120 RTS-2 s 18,99- 100.2
16 1 0 60 RTS-2 s 18.13 95.6
17 1 1 60 RTS-2 s 17.93 94.6
18 1 2 50 RTS-2 s 18.81 99.2
19 ^ • 1 - 1 40 RTS-2 s 18.80 99.2
20 1 2 40 RTS-2 s 18.97 100.1
7 21 1 3 40 RTS-2 s 18.51 97.6
22 1 2 30 RTS-2 s 17.67 93.2
.....23 1 0 30 RTS-2 s 17.58 92.7
24 i 1 60 RTS-2 R 17.51 92.4
25 '■ 2 2 60 RTS-2 R 18.25 96.3
26 1 2 40 RTS-2 R 18.38 96.9
; 27 1 3 120 Tailings s 1.118 -
28 1 2 60 Tailings s 0.937 -
29 1 2 60 Tailings s 0.988 -
30 1 0 120 Tailings s 0.948 -
31 1 0 60 Tailings s 0.938 -
32 1 0 60 Tailings s 0.945 -









a. S = Screw-on cap tubes (COD digestion vials) and R = Reaction tube connected 
to water cooled condenser
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Table 3.3 ANOVA results—model validation for KZK-1
Tests of Between-Subjects Effects
Dependent Variable: Total Sulphur (%)
Source




Corrected .004a 6 .001 5.470 .041
Model
Intercept 2.433 1 2.433 22051.899 .000
h n o 3 .000 1 .000 3.845 .107
HC1 .002 2 .001 7.556 .031
Time .002 2 .001 10.863 .015
Reflux .000 1 .000 3.898 .105
Error .001 5 .000
Total 7.350 12
Corrected Total .004 11
a. R Squared = .868
b. Sum of the squares represents a measure of variation or deviation from the 
mean. It is calculated as a summation o f the squares of the differences from 
the mean.
c. Degree o f freedom
d. Mean square is defined as the ratio o f sum o f squares to the respective 
degrees o f freedom.
e. The F statistic is a ratio o f the model mean square and the residual mean 
square.
f. P is used to determine whether a factor is significant; typically compare 




Table 3.4 ANOVA results—model validation for RTS-2
Tests of Between-Subjects Effects
Dependent Variable: Total Sulphur (%)
Source
Type III Sum 
of Squares df Mean Square F P
Corrected 3.386a 9 .376 7.394 .035
Model
Intercept 794.998 1 794.998 15625.128 .000
HN03 .029 1 .029 .571 .492
HC1 .158 3 .053 1.038 .466
Time 2.283 4 .571 11.217 .019
Reflux .276 1 .276 5.429 .080
Error .204 4 .051
Total 4724.313 14
Corrected Total 3.589 13
a. R Squared = .943
I
*
Table 3.5 ANOVA results—model validation for Tailings sample
Tests of Between-Subjects Effects
Dependent Variable: Total Sulphur (%)
Source Type III Sum 
of Squares df Mean Square F P
Corrected •024a 4 .006 12.907 .031
Model
Intercept 4.693 1 4.693 10238.217 .000
HC1 .015 2 .007 16.245 .025
Time .002 2 .001 2.056 .274
Error .001 " '3  ; .000
Total 7.708 8
Corrected Total .025 7
a. R Squared = .945
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Table 3.6 Estimates o f influencing factors
KZK-1 RTS-2 Tailings
sample
Intercept .750 (n) 18.993 (p) 1.118 00
[HNO3=1.00 ml] .024 (ai) -.165 (ai) -
[HN03=2.00 ml] 0a(a2) 0a (a2) -
[HC1=.00] •045 (Pi) -.055 (pO -.170 (p0
[HC1=1.00 ml] •032 (p2) -.078 (p2) -
[HC1=2.00 ml] - •262 (p3) -.149 (p2)
[HC1=3.00 ml] 0a(p3) oa(PO oa(p3)
[Time=30.00 min] -.048 (Yi) -1.307 (yi) •035 (yi)
[Time=40.00 min] -.022 (y2) -.157 (Y2) -
[Time=50.00 min] - -.280 (Y3) -
[Time=60.00 min] - -.691 (yO -.007 (Y2)
[Time=120.00 min] 0a(Y3) 0a(Y5> 0a(Ys)
[Device= Reflux] .028 (50 -.472 (8i)
[Device=Screw-on] 0a(52) 0a(52) - ‘
a. This parameter is set to zero because it is redundant.
i
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Table 3.7 Analytical results o f total sulphur (%) during desulphurization o f Mussel white 
mine tailings in the laboratory
Test No. Concentration o f sulphur (%)































(response is Total Sulphur (% ))
Figure 3.1 Normal probability plot for reference materials (a) KZK-1 and (b) RTS-2
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Figure 3.5 (a): Illustration o f influencing factors effects (volume of HCI and time) on the 






















Figure 3.5 (b) Illustration of influencing factors effects (Volume of HC1 and time) on the 























"  reflux method 
" screw cap method
Figure 3.5 (c) Illustration of effect o f reflux devices on the estimated marginal means of 
Sulphur (%) for KZK-1
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RTS-2
at HN03 = 1.00 ml
Figure 3.6 (a): Illustration of influencing factors effects (Volume of HC1 and time) on the 
estimated marginal means o f Sulphur (%) for RTS-2 at HNO3 = 1 ml
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RTS-2
atH N 03 = 2.00 ml
Figure 3.6 (b) Illustration of influencing factors effects (Volume of HC1 and time) on the 





















Figure 3.6 (c) Illustration o f effect o f reflux devices on the estimated marginal means of 































Tailings sample (HN03 = 1 ml)
Figure 3.9: Illustration o f influencing factors effects (Volume o f HC1 and time) on the 




EFFECT OF OPERATING PARAMETERS ON DESULPHURIZATION OF 
MINE TAILINGS BY FROTH FLOTATION2
4.1 Introduction
Mine tailings are solid wastes from mineral processing, which can be a source of 
environmental pollution such as generating acid mine drainage (AMD) (Aubertin and 
Bussie're, 2001; Biowes et al., 2003; Tabak and Govind, 2003; Willow and Cohen, 
2003). AMD is resulted from the oxidation o f residual sulphide minerals (Boorman and 
Watson 1976; Nordstrom et al. 1979; Dubrovsky et al 1984). Although there are 
numerous iron sulphide minerals, the oxidation o f a simple iron sulphide mineral is 
represented by the following reaction (Nelson 1978),
FeS (s) + (3/2)H20  + (9/4)02 (g) -> FeOOH (s) + 2H+ (aq) + SO42* (4.1)
The most common iron sulphide associated with mine wastes is Pyrite (FeS2). The Pyrite 
oxidation is presented in the following reaction (Akcil and Koldas, 2006)
4FeS2 (s) + 1502+14H 20 -> 4 F e(0 H )3 (s) + 8S042' + 16H4: \  (4.2)
Pyrrhotite (Fei-xS, (0 < x <0.125)) :, also called magnetic pyrite, is an unusual iron
*
sulphide mineral with oxidation rates 100 times higher than pyrite at atmospheric 
concentrations o f 0 2 at 22°C (Nicholson and Scharer, 1994). Oxygen and ferric iron are
2 A version o f this chapter has been submitted to the Environmental Management Journal in January 2011.
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generally the two important oxidants for pyrrhotite (Nelson et al 2004). When O2 is the 
primary oxidant, the oxidation reaction can proceed as follows (Nicholson and Scharer, 
1994):
Fei.xS(S) + (2- x/2)02 +XH2O -> (l-x)Fe2+ + S 042’ +2xH+ (4.3)
The environmental impact of the AMD has been reported extensively in the literature 
(e.g. Ritcey, 1989; Gray, 1997; Ripley et al., 1996; Down et al Stocks, 1977). Low pH 
conditions due to the oxidation of residual sulphide minerals are not only harmful to 
biota, but also increase the mobility o f toxic trace metals. In many cases, the flux of poor 
quality water from tailings impoundments will continue for many decades, even centuries 
(Morin et al, 1988; Blowes and Jambor, 1990).
Mitigation o f AMD generated from mine tailings containing sulphide-rich minerals has 
been a great challenge for the mining industry (Isabelle and Jose'e, 2003). In Canada, 
over three hundred fifty mega tons o f waste rocks are acid-generating materials 
(Itzkovitch and Feasby, 1993). To control the generation of AMD from mine tailings, one 
o f the three main components in the oxidation reactions: 0 2, water, and sulphide minerals 
should be eliminated (Isabelle and Jose'e, 2003). Low hydraulic conductivity soils or 
synthetic materials such as geomembranes or bentonite geocomposites can be used to 
limit the infiltration of water to limit oxidation of tailings (Denis et al, 2004; Lewis and 
Gallinger, 1999). Several techniques are available to limit oxygen migration into mine 
tailings. One o f the techniques is covering the sulphide mine tailings either with water 
(e.g.; Amyot and Vezina, 1997; Simms et al. 2001; Fraser and Robertson, 1994) or with
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materials that are oxygen consuming (e.g. Cabral et al., 2000; Tremblay, 1994; Tasse et 
al:, 1997) or with materials having capillary barrier effects (e.g Nicholson et al., 1989). 
Addition o f alkaline materials, such as lime (Mylona et al., 2000) or materials containing 
substantial calcium oxide (CaO) such as coal fly ash (Wang et al., 2006) has also been 
studied.
Froth flotation has been established as an alternative solution to control acid mine 
drainage (Benzaazoua and Kongolo, 2003). Froth flotation is a three-phase process which 
uses water to separate hydrophobic particles from hydrophilic particles by the addition of 
air bubbles (gas). Hydrophobic particles are attached to air bubbles and carried to the 
surface, then removed as a foam or scum (often called “froth”) whereas hydrophilic 
particles remain submerged in the pulp. Froth flotation has been used for environmental 
desulphurization to separate sulphide enriched concentrate (hydrophobic), which is acid 
generating, from desulphurized tailings (hydrophilic), which do not generate AMD. To
raise the selective hydrophobicity, chemicals known as “collectors” are used, which are
\
typically organic compounds that contain both polar and non polar chemical groups. In
most cases, the non polar end is a long chain or cyclic hydrocarbon group that is
hydrophobic. The collector must be able to attach to the solid through its polar end,
which is typically an ionic group. Xanthates are highly selective collectors for sulphide
minerals, as they react with sulphide surfaces and do not have any attraction for the
■ *
common non-sulphide minerals. Additional reagents such as activators are also used in 
froth flotation. Copper Sulphate is commonly used as an activator for desulphurization as 
copper ions assist in the bond between the collector and the surface o f the sulphide 
particle. Another important constituent in successful flotation is the frother. The solid
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particles with hydrophobic surfaces must be able to attach to air bubbles. Though it is 
possible to obtain the attachment to air bubbles in an agitated liquid under aeration alone, 
these bubbles are unstable and quickly break down due to collisions with other bubbles, 
solid particles and the cell walls. Therefore frothers are added to promote the formation 
o f stable air bubbles under aeration.
This research investigates froth flotation o f Musselwhite Mine Tailings (MT) to separate 
the non-acid generating and sulphide concentrate fractions, thus to reduce acid generating 
potential o f mine tailings.
The Musselwhite underground gold mine is located 500 km north o f Thunder Bay, in 
North-western Ontario, Canada: The mine started commercial production in 1997 
(Marilyn, 2007). At present, 4000 tonnes o f tailings are discharged daily into the tailings 
pond behind a tailings dam (Figures 4.1 and 4.2). It is projected that 19 Mt o f tailings 
will be generated by 2012 (Wang et al, 2009) whereas the capacity o f the tailings basin 
under a water cover is only 17 Mt (Wang, 2009). The current plans are to increase the 
tailings disposal capacity to accommodate additional tailings produced up to 2026 
(Marilyn, 2007). In this context, thé feasibility o f froth flotation for desulphurization of 
tailings is studied to enhance the tailings storage capacity on the mine site.
*
The recovery and selectivity o f the flotation process are dependent on parameters such as
*
the pulp pH, types and dosage of reagents, operation conditions (e.g. agitation, airflow 
and froth depth) and tailings properties (e.g. particle size and mineralogy). In previous 
studies (e.g. Benzaazoua et al., 2000; Benzaazoua and Kongolo, 2003), attention has
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been focused on the effect o f chemical variables on environmental desulphurization of 
different mine tailings. In the present study, the effects of operation conditions such as 
the froth depth, air flow rate, impeller speed and pulp density on desulphurization o f MT 
are investigated. -
4.2 Experimental
4.2.1 Tailings from the Musselwhite Mine
The flotation experiments were carried out using tailings samples recovered from the 
Musselwhite mine tailings (MT). The physical and chemical properties of Musselwhite 
mine tailings (MT) have been studied (e.g. Wang et al., 2006, Muluken et al., 2009), with 
a summary presented in Table 4.1. MT has the grain size of silt with a specific gravity of 
3.28. The tailings contain significant amount o f SiC>2, Fe2C>3 and AI2O3. However, 
alkaline metal oxides, Na20 and K2O, are relatively low, which indicates that MT does 
not have adequate alkalinity to prevent oxidation when the tailings are in contact with air 
and water (Wang et al., 2006). The tailings also contain high concentration of heavy 
metals and sulphide (Muluken et al 2009). Mineralogical analysis using X-ray 
diffractometry revealed that MT contains sulphide minerals (pyrite or pyrrhotite) which 
are susceptible to oxidation and AMD generation. Therefore proper management of MT 
is very important to prevent and control AMD on the mine site.
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4.2.2 Reagents '
Reagents used in froth flotation are broadly categorized as the collector, activator and 
frother. In the present study, the technical specifications o f the reagents used to achieve 
the flotation experiments are as follows: Collector: 2% PAX (Potassium amyl xanthate); 
Frother: 1% Dowfroth 250 (poly-propylene glycol ether); and Activator: 10% Copper 
sulphate.
4.2.3 Flotation
The pilot studies were carried out with an Outokumpu flotation unit, type OK0.05 at 
Musselwhite mine. The flotation cell was cylindrically shaped with a diameter o f 0.40 m 
and total height o f 0.60 meter (Figure 4.3). An external blower was used to inject the air. 
The unit can produce the right size o f bubble from the supplied air regardless of the 
aeration rate. Froth cones and internal launders provide effective froth surface area 
control. Prior to flotation, the feed pulp (mixture o f water and tailings) was conditioned
in the cell. The total conditioning time was 6 minutes, including activation for 5 min with
\
copper sulphate (50 g/Mg) and subsequently for another 1 minute with collector (200 
g/Mg) and frother (60 g/Mg). The experiments were carried out under various conditions, 
including different airflow rates (50 L/min to 125 L/min), froth depths (4 cm to 15 cm), 
impeller speeds (850 rpm to 1500 rpm) and pulp densities (i.e. solid content in the pulp) 
(30% to 44%). The natural pH of the pulp at the beginning o f the flotation was about 8.3
i
and remained almost constant at the end o f the float test. After conditioning the pulp, the 
air supply was started and time was recorded by a stopwatch. The froth was collected 
during a flotation period o f 5 min. After 5 minutes, the air supply was turned off. Then 
the second dosage o f frother (20 g/Mg) was added. The air supply was turned on once
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again and the froth was collected during another 7 min o f operation. The pulp level was 
maintained at the same level by adding water. During each experiment, samples were 
taken from the concentrate after 0.25, 0.5, 1, 2, 5, and 12 min o f flotation time. The feed 
and tail samples were taken directly from the pulp before and after flotation. The samples 
were dried overnight in an oven at less than 105° C. A LECO instrument (S-230 sulphur 
analyzer) was used to determine the sulphur content. Details of typical flotation test 
conditions are listed in Table 4.2.
4.3 Results and Discussions
4.3.1 Flotation Kinetics
In commercial operations, the effectiveness o f flotation separation is measured by the 
percentage recovery of desired material in the concentrate and by the grade analysis of 
the concentrate. However, Schuhmann (1942) suggested that the measurement of 
flotation rate should facilitate more positive and more accurate understanding of 
flotation. The concentrate obtained from a batch flotation cell changes in quality with 
time as the particles floating change in size, grade and quantity. Flotation kinetics studies 
the deviation o f floated mineral mass as related to flotation time. The rate equations can 
be determined empirically or by analogy with similar rate processes in chemical kinetics 
(Arbiter and Harris, 1962). By analogy with chemical kinetics, the equation describing 




Where, C is the sulphur mass (g) in the flotation cell at time t (min) and k is the flotation 
rate constant (Hemainz and Calero, 1995). In this study, the first (n = 1) and second (n 
=2) order rate equations have been used to determine flotation rate constant.
In the First Order Rate Equation:
£ = - k ‘c (4.5)
Upon integration Eq. 4.5 becomes
In = kit V:- (4.6)
In the Second Order Rate Equation:
dc
dt (4.7)
Upon integration Eq. 4.7 becomes
Where Co is the initial mass (g) o f sulphur in the flotation tank; ki (min'1) and k2 (g' 1 min' 
J) are the first and second order flotation rate constants, respectively. According to
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£
Equation 4.6, In and flotation time, t, yield a linear relationship if  ki is constant. OnL
1 1
the other hand, based on Equation 4.8, ( -  - —) and time relationship is linear if  k.2 isC Co
constant. Examples o f these relationships are shown in Figures 4.4 and 4.5 based on the 
result o f Test No. 19. The values o f ki, kz and corresponding R values obtained from all 
experimental data are summarized in Table 4.3. As shown the froth flotation kinetics for
„  J  A
MT is better represented by the 2 order kinetics as the values of R is constantly greater 
than 0.90. Therefore the kinetic reaction in MT is better described by Eq. 4.8.
4.3.2 Effect o f Froth Depth
The froth zone is where entrained materials are removed from the froth by drainage 
and/or washing (Harbort et al, 2004). The height of the froth zone is defined as the froth 
depth. The role o f the froth depth in the flotation performance has been acknowledged 
since the earliest days o f flotation (Feteris et al, 1987). In the present study, to assess the 
effect of froth depth on MT flotation, a series of batch flotation tests were performed. 
Pulp conditions, airflow rate and other variables were kept constant throughout the series 
while the froth depth was varied. Figure 4.6 shows the recovery curves for sulphur, 
plotted as a function of time for different froth depths (5, 10 and 15 cm). The cumulative 
recovery o f sulphur, R (t), is plotted versus time, where R(t) is defined as the ratio of the 
cumulative mass (g) o f sulphur recovered at time ‘t’ to the mass o f sulphur (g) in the 
feed. An examination o f the recovery curve reveals that the recovery o f sulphur decreases 
with the increase in the froth depth. It has been reported that the degree of entrainment 
for a given size fraction o f particles decreases with the increase in the froth depth at a
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given air rate (Zheng at al, 2006). This is the main reason o f the reduced recovery of 
sulphur for a higher froth depth.
Figure 4.7 shows the effect o f the froth depth on the sulphur grade o f the concentrate 
versus times. The sulphur grade (%) in the concentrate is defined as the mass o f sulphur 
(g) in 100 g o f dry concentrate. The sulphur grade is observed to increase with the froth 
depth. This can be explained in terms o f the retention time of the froth in the flotation 
cell. The deeper the froth, the larger the residence time is likely to be. Hence, higher 
amount o f entrained gangue (waste) leave the froth by drainage back into the pulp for 
greater residence time. Therefore the sulphur grade is seen to increase as a function of the 
froth depth.
Figure 4.8 shows the second order rate coefficient, k.2, as a function of the froth depth. 
The figure reveals that an increase in the froth depth has a detrimental influence on 
reaction kinetics, indicated by the decrease o f k2 as the froth depth increases from 5 cm to 
15 cm.
\
4.3.3 Effect o f Air Flow Rate
The air flow rate is the volume of air (litre) that enters the flotation cell per unit time 
(minute). Effects of the airflow rate on the recovery of sulphur and sulphur grade versus 
time are shown in Figures 4.9 and 4.10 respectively. The air flow rates (50 to 120 liters 
per minute) are corresponding to air velocities of 0.7 to 1.8 cm/s. In the tests, other 
conditions were kept constant. The sulphur recovery increases with the increase in the air 
flow rate, which may be attributed to two reasons. Firstly, an increase in the air flow rate 
will increase the amount o f suspended solids entering the froth phase. Secondly, the gas
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hold-up (volumetric fraction of air bubbles in the aerated pulp) generally increases with 
the increase in the air flow rate (Gorain et al., 1995). An increase in gas hold-up enhances 
the probability o f bubble-particle collision. Therefore, the sulphur recovery increases 
with the increase in the air flow rate. With the air flow rate less than 70 L/min, the S- 
recovery was less than 80%.
The sulphur grade was found to decrease with the increase in the air flow rate. This is 
because an increase in the airflow rate shortens the froth retention time. Figure 4.11 
shows the values of the second order rate coefficient k2 as a function of the air flow rate. 
It reveals that any increase in the air flow rate has a positive influence on the reaction 
kinetics. The relationship has been found to be linear (k2= 10‘5 G + 7 X 1 O'6 where G is 
the airflow rate) up to 125 L/min. But increasing the airflow rate further the relationship 
is more likely to be non-linear due to the deteriorating effect of excessive air flow rate on 
flotation rate (Laplante, 1983). Because Gorain et al (1995b) showed that, at constant 
impeller speed, increase in air flow rate increased the bubble size and Schubert and 
Bischofberger (1978) showed that smaller bubble size produce better flotation kinetics.
4.3.4 Effects o f Pulp Density
The pulp density in the experiments varied between 30% and 44% while the other 
conditions were kept constant. As seen from Figure 4.12, the pulp density influences the
recovery of sulphur at different times. A lower recovery o f sulphur at the pulp density 30
*
% was observed as compared to that at a pulp density 35%, probably due to reduced 
entrainment. Kiijavainen (1989) showed that the entrainment factor increases with the 
increase in the pulp density. A further increase in the pulp density to above 35% caused a 
decrease in the sulphur recovery because of the fact that the collector in the mixture
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became insufficient to cover the surfaces of all particles. In addition, a higher pulp 
density may inhibit mixing and cause detachment o f air bubbles from particles. As a 
result, the efficiency of flotation is decreased. Figure 4.13 shows the sulphur grade versus 
time for the tests performed with pulps containing 30%, 35%, 40% and 44% w/w solids. 
The highest grade of sulphur was found for pulp density of 30%, which may be due to
«/I
the less entrainment o f gangue (waste). Figure 4.14 shows that the 2 order flotation rate 
constant (k2) increased with increasing pulp density and decreased after reaching its 
maximum.
4.3.5 Effect o f Impeller Speed
An impeller is a rotating component o f the flotation cell used for maintaining solids in 
suspension. In this study, most experiments were done at an impeller speed o f 1500 rpm. 
To investigate the effects of impeller speed on flotation kinetics, one experiment was 
conducted at a low impeller speed (1300 rpm) by keeping the other variable constant and 
another was done at 850 rpm at a low froth depth (4 cm). The effects of impeller speed 
on the recovery of sulphur (%) at different times are shown in Figure 4.15. At 1500 rpm 
the percentage recovery decreases compared to that of 1300 rpm. This is attributed to the 
fact that an impeller speed higher than 1300 rpm may destroy bubble-particle aggregates. 
On the other hand, a higher impeller speeds may enhance air intake and circulation of
particles in the pulp below the froth layer. It will also enhance bubble formation and
*
selective attachment of the particles to air bubbles. At 850 rpm, the result shows that in 
spite o f providing a low froth depth, the flotation rate is low. The recovery is reduced due 
to insufficient dispersion of air. Furthermore, it was found that the 2nd order flotation rate 
constant (k2) increased with increasing impeller speed and decreased after reaching its
92
maximum, as shown in Figure 4.16. The result shows that optimization o f impeller speed 
is very important to maximize bubble-particle collision.
4.3.6 Key operational parameters for desulphurization of MT
The main objective of tailings desulphurization is to produce a sulphide concentrate and a 
non-acid generating fraction. Benzaazoua et al (2000) stated that tailings are considered 
to be acid generating if  the NP/AP ratio (Neutralisation Potential over Acid Potential) is 
less than 1, in the uncertain zone if  the ratio is between 1 and 2 and non-acid generating 
if  the ratio is greater than 2. The acid-base accounting (ABA) test shows that sulphide 
sulphur 0.2% or the total sulphur 0.3% in MT have the NP/AP ratio more than 4.0. The 
final concentration o f sulphur in tailings after 12 minutes o f flotation has been presented 
in Figure 4.17, which shows that Test nos. 3,5,16,17,19,20 produce non-acid generating 
tailings. These results indicate that the most important operating parameters for 
desulphurization o f MT are the air flow rate and froth depth (Figure 4.18). An air flow 
rate o f 100 L/min along with a froth depth o f 5 cm have produced satisfactory NP/AP 
ratio within 12 minutes in MT.
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4.3.7 Kinetics Flotation Modeling
The majority o f researchers have proposed the first order flotation kinetics reaction for 
flotation o f minerals (Agar, 1985; Topagi and Nikkam, 1990; Wills, 1990). However this 
study has demonstrated that the second order kinetic model is the better fit for MT. The 
mass o f sulphur in the pulp at time t, C (g) can be derived from Eq. (4.8);
C = Col+ k 2C0t (4 .9)
The recovery o f sulphur particles in the froth product at time t is,
R ( t ) = l - f  (4.10)
By substituting Eq. (4.9) to Eq. (4.10);
R (t) = ^2 Cpt 
l+ k 2C0t (4.11)
Eq. (4.11) can be used to predict the recovery o f sulphur at any time under a specific 
operating condition. The plot o f the observed recovery o f sulphur (%) versus the 
predicted recovery of sulphur (%) is shown in Figure 4.19. As shown, the coefficient of
ify
correlation, R , o f the linear regression is 0.97, indicating Eq. (4.11), is satisfactory as the 
model for recovery o f sulphur for MT.
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4.4 Summary
A pilot program was designed and carried out to assess the suitability o f froth flotation 
for desulphurization of reactive mine tailings on the Musselwhite mine site for 
prevention and control o f acid mine drainage (AMD). The following summary can be 
made based on this research:
• The representative kinetics of the froth flotation process in MT is best described 
as a second order reaction with the average correlation coefficient R = 0.93. 
Therefore, the second order rate constant, k2, may be used in the design.
• The effects of operating conditions such as the froth depth, air flow rate, impeller 
speed, and pulp density on desulphurization o f MT have been investigated. This 
study indicates that all o f these parameters have effects on the flotation kinetics, 
recovery o f sulphur and concentrate grade. The most important operating 
parameters are identified as the air flow rate and froth depth.
• This study demonstrates that environmental desulphurization is technically 
feasible for MT. Based on the data presented in this study; the maximum recovery 
o f total sulphur was achieved when the operational parameters were set to the 
froth depth of 5 cm, air flow rate 125 L/min, impeller speed 1300 rpm and pulp 
density 35%. Under these conditions, the froth flotation produced satisfactory 
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Table 4.1 Properties o f Musselwhite Mine tailings
Muluken et al (2009) Wang et al (2006)
Physical Properties
Colour NM Black
USCS grain size (%)
Sand, 4.75-0.075 mm NM 6.2
Silt, 0.075-0.002 mm NM 84.8
Clay, <0.002 mm NM 9.0
Specific Gravity NM 3.28
Optimum water content, (%) NM 15.00
Max dry density (kg/m3) NM 2120
Elements Oxides (wt %)
S i0 2 46.72 50.82
T i0 2 0.40 0.45






Na20 0.003 - 0.02
p 2o 5 0.13 0.15
Cr20 3 0.017 0.02
LOI - 0.05
Total 98.88 97.13
Minor and Traces (mg/Kg)
Arsenic 151.0 159.00
Barium 89.0 NM










Zinc 26.5 NM j











Mica or Illite - 26
Amphibole - 30
Pyrrhotite - 3
N M -N ot Measured 
V - quantity is not mentioned
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1 0.12 1500 34 10 50
2 0.12 1500 34 10 70
3 0.12 1500 34 10 100
4 0.12 1500 34 10 125
5 0.12 1500 34 5 70
6 0.12 1500 34 10 70
7 0.12 1500 34 15 70
8 0.12 1500 30 10 50
9 0.12 1500 35 10 50
10 0.12 1500 40 10 50
11 0.12 1500 44 10 50
12 0.12 J 1300 34 10 70
13 0.12 1500 34 10 70
14 , 0.06 1500 34 15 45
15 0.08 1500 34 15 45
16 0.12 1500 30, 12 70
17 0.12 850 35 ; 4 70
18 0.12 850 28 4 70
19 0.12 1500 35 6 105
20 0.12 1500 35 6 90
à
*
Table 4.3 Flotation rate constant
Test n= 1 n=2
No. ki (min'1) k2 ( g 1 min'*) R2
1 0.11 0.70 0.0007 0.84
2 0.12 0.76 0.0009 0.92
3 0.15 0.78 0.0014 0.95
4 0.17 0.80 0.0016 0.97
5 0.19 0.88 0.0024 0.97
6 0.12 0.76 0.0008 0.92
7 0.10 0.86 0.0007 0.96
8 0.07 0.91 0.0004 0.94
9 0.095 0.74 0.0005 0.90
10 0.08 0.82 0.0003 0.93
11 0.08 0.76 0.0003 0.89
12 0.13 0.78 0.001 0.95
13 0.12 0.76 0.0008 0.92
14 0.10 0.85 0.0007 0.95
15 0.11 0.89 0.0007 0.97
16 0.16 0.81 0.0018 0.96
17 0.14 0.80 0.0009 0.94
18 0.10 0.70 0.0006 0.83
19 0.28 0.72 0.0036 0.99
20 0.27 0.74 0.0032 0.99
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FIGURES
Figure 4.1: Tailings pond at Musselwhite mine
Figure 4.2: Discharging tailings slurry into the tailings pond
104
300 mm
Figure 4.3: Schematic o f the Pilot Study
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Figure 4.11: Effect o f air flow rate on the second order flotation rate
113
Pulp Density
- * - 4 4 %  ------ 40% —X—35% - 4 —30%
Time (minute)
/









1  8 Hc/>
® 6T3 
«  ' k.
o
4 -
2 -  
0
44% 40% 35% —K-30%
6 8 10 12 14
Time (min)


















30 35 40 45
Pulp density (%)
















1500 rpm 1300 rpm —A— 850 rpm



















900 1100 1300 1500 1700
Impeller Speed (rpm)








































Figure 4.18: Combined effect o f Air flow rate and Froth depth on the second order 
flotation rate
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Figure 4.19: Validity o f the Model Equation (Eq. 4.11)
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CHAPTER 5
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
5.1 Summary
This study evaluated the suitability o f froth flotation for waste management of 
Musselwhite mine. A pilot study was carried out to verify the applicability of froth 
flotation for desulphurization of Musselwhite mine tailings. The pilot tests were carried 
out with an Outokumpu flotation unit, type OK0.05 at Musselwhite mine. The factors 
affecting the treatment effectiveness, such as the froth depth, air flow rate, pulp density 
and impeller speed were studied.
During the froth flotation for treatment o f mine tailings, a large amount o f samples need 
to be analyzed for total sulphur with accuracy and precision. In this study, a method of 
digestion was developed for the analysis o f total sulphur of mine tailings by inductively- 
coupled plasma (ICP). Experiments were designed using a univariate (ANOVA) strategy 
for evaluating effects o f varying several variables.
5.2 Conclusions
Environmental desulphurization is technically feasible for MT and has the potential to
control acid mine drainage. The recovery and grade o f total sulphur in froth flotation
è
process depends not only on chemical variables, such as types and amounts of the 
reagents, but also on the hydrodynamic conditions within the mechanical cell (such as the 
air flow rate and impeller speed), as well as on the operating conditions (such as pulp 
density and froth depth).
122
The impeller speed plays a major role in particle/bubble collision, attachment and 
transport. This study shows that the flotation rate increases with increasing the impeller 
speed but decreases after reaching a maximum. The result of flotation test reveals that 
any increase in the air flow rate has a positive influence on the flotation rate. However, 
the sulphur grade was found to decrease with the increase in the air flow rate.
The higher froth depth provides an improvement in the sulphur grade. However, an 
increase in the froth depth has a detrimental influence on the flotation rate. The pulp 
density is also found to be an influencing parameter on froth flotation o f MT. In this 
study, the flotation rate increases with the increase in pulp density up to a certain level. 
But the flotation rate was found to decrease after reaching its maximum?The recoveries 
o f sulphur are fitted to a second-order kinetic model. This model can be used to predict 
the recovery of sulphur (%) at any time under a specific operating condition for MT.
Accurate determinations of sulphur in reactive mine tailings can be made by Inductive 
Coupled Plasma (ICP). The choice o f the acid digestion mixture is important for the 
analysis o f total sulphur by ICP. It is concluded in this study that the HNO3 /HCI acid 
mixture allows high efficiency o f the destruction of the tailings sample. The proposed 
method is less complicated and time consuming. The method resulted in satisfactory 
sulphur recoveries as indicated by reference materials and tailings sample.
*
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5.3 Recommendations for Further Study
The results o f this research reveal that froth flotation can be applied for desulphurization 
o f reactive mine tailings. This research also proposed a method for accurate analysis of 
sulphur of mine tailings by ICP. However, it is recommended that the following should 
be studied in detail:
• A pilot study was undertaken in the Musselwhite Mine to monitor the 
performance o f froth flotation only for batch condition. Future study can be done 
for continuous flotation.
• Mathematical models describing froth flotation as a rate process are classified into 
different categories. Among those, only the kinetic model based on chemical 
analogy has been studied. Future study should be directed towards probabilistic 
and stochastic models as well as kinetic models with distributed rate constant.
• The current study focuses on the technical issue regarding desulphurization of 
MT. A cost-benefit analysis o f the technology should be carried out to provide 
more practical information to the owner of the mine.
• Further studies should be directed towards developing better procedures for 
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Figure A -l Grain Size Distribution of Musselwhite Mine tailings
